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ABSTRACT

EVOLUTION IN THE DEEP SEA: SCALES AND MECHANISMS OF
POPULATION DIVERGENCE
December 2016
Amanda Glazier, B.S. University of Maryland
Ph.D., University of Massachusetts Boston
Directed by Professor Ron Etter

The deep sea is the Earth’s largest ecosystem and harbors a unique and largely
endemic fauna. Although most research has focused on the ecological mechanisms that
allow coexistence, recent studies have begun to investigate how this remarkable fauna
evolved.. My work quantifies geographic patterns of genetic variation and investigates
potential mechanisms that shape evolution in the deep ocean.
Bathymetric genetic divergence is common in the deep sea with population
structure typically decreasing with depth. The evolutionary mechanisms that underlie
these patterns are poorly understood. Geographic patterns of genetic variation indicated
that the protobranch bivalve Neilonella salicensis was composed of two distinct lineages
separated bathymetrically. Genetic diversity was greater in the lower-bathyal clade of N.
salicensis than the upper to mid-bathyal clade. In a co-occurring mid-bathyal
protobranch Malletia johnsoni, population differentiation was greater among samples
than the confamilial lower-bathyal Clencharia abyssorum, though, genetic diversity was
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similar. These patterns suggest general trends do not always hold and fine scale patterns
of gene flow need to be thoroughly investigated.
Little is known about the ecological or evolutionary mechanisms that might
promote divergence or maintain population structure. Oxygen minimum zones (OMZs),
which cover enormous regions of the deep ocean, might hamper gene flow by precluding
larval dispersal. To test this, genetic patterns of the wood-boring bivalve Xylophaga
washington were quantified across the northeastern Pacific OMZ. Results indicate two
clades were apparent, one throughout the OMZ and one within and below it, possibly
segregated by a historically stronger OMZ or other environmental factors that vary with
depth. A similarly uninvestigated evolutionary factor with potentially large impacts is
selection on mitochondrial DNA. Positive selection is apparent in the mitochondrial
DNA of shallow water and deep-sea crabs, shrimp, and fishes, possibly related to any of
the myriad factors that differ between the two habitats.
The deep sea is biogeochemically important and is highly impacted by climate
change and anthropogenic factors. Genetic patterns in this habitat are very complex. This
work suggests gene flow is inhibited at many scales, both across bathymetric gradients
and within small bathymetric ranges.
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CHAPTER 1
INTRODUCTION

The deep sea is a vast, seemingly homogeneous environment inhabited by a biotic
diversity rivaling shallower waters (Etter and Mullineaux 2001). Despite much recent
research into the evolution of this diversity many questions remain regarding how gene
pools are isolated with such a paucity of obvious physical barriers to gene flow.
Population divergence has been related to a variety of factors including topography
(Boyle 2011, Etter et al. 2011), hydrology (Wilson et al. 2007, Janosik et al. 2011), niche
separation (Baird et al. 2011, Quattrini et al. 2013), and environmental gradients
(Jennings et al. 2013, Glazier and Etter 2014) yet many potential isolating mechanisms
remain to be investigated. This dissertation quantifies genetic patterns in relation to
different potential isolating factors in an effort to further understand evolutionary
processes in this important ecosystem.

Two cryptic species are delimited along a bathymetric gradient in chapter 2 along a
bathymetric gradient. I sequenced two nuclear loci and one mitochondrial locus from
Neilonella salicensis (Seguenza 1877) individuals along a depth gradient from 2200 m to
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3800 m in the western North Atlantic. A sharp genetic break was apparent in all loci
between individuals collected above and below 3200 m. Species delimitation analyses
supported these distinct clades as evolutionarily independent lineages despite a lack of
morphological divergence. A similar genetic break has been detected at the same depth in
the western North Atlantic in a related species, Nucula atacellana (Chase et al. 1998,
Zardus et al. 2006, Jennings et al. 2013). Divergence along bathymetric gradients is a
common occurrence in marine settings (France and Kocher 1996, Chase et al. 1998, Etter
et al. 2005, Zardus et al. 2006, Jennings et al. 2013) and has been associated with
environmental gradients that attend the change in depth such as the increased hydrostatic
pressure with depth. Alternatively, the break in N. salicensis might be due to a
historically stronger Deep Western Boundary Current (Etter and Bower 2015).
Genetically divergent yet morphologically identical lineages such as these are a common
finding in the deep sea (Baird et al. 2011, Brandáo et al. 2010, O’loughlin et al. 2011,
Zardus et al. 2006) and suggest estimates of the diversity at these depths may be greatly
underestimated.

In chapters 3 and 4 I investigated genetic patterns of related species of protobranch
bivalves with different depth regimes. I examined the two N. salicensis clades delimited
as cryptic species (Glazier and Etter 2014) within the respective depth ranges in chapter 3
and two confamilial species, the upper- to mid-bathyal Malletia johnsoni (Clarke 1961)
and the lower-bathyal Clencharia abyssorum (Verrill and Bush 1898) in chapter 4. I
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quantified and compared genetic patterns within each in order to more fully understand
evolutionary mechanisms within the different depth regimes. I sequenced one
mitochondrial locus and three nuclear loci in chapter 3 and two mitochondrial and three
nuclear loci were sequenced in chapter 4. Given the peak in genetic and species
diversities at mid-bathyal depths (Rex 1981, Etter and Grassle 1992, France and Kocher
1996, Etter et al. 2005) and findings that patterns of population divergence often parallel
patterns of species diversity (Vellend 2003, 2005, 2006, Vellend and Geber 2005) it might
be hypothesized that the shallower N. salicensis clade and M. johnsoni would be more
genetically diverse and have more population structure than their deeper counterparts but
this was not found. Where significant comparisons were apparent the shallower N.
salicensis clade was less genetically diverse and had less population structure than the
deeper clade. Similarly, no significant difference was detected in genetic diversity
between M. johnsoni and C. abyssorum but more structure was apparent in M. johnsoni.

In Chapter 5 I analyzed genetic patterns of a wood-boring bivalve, Xylophaga
washingtona (Bartsch 1921) in relation to the oxygen minimum zone (OMZ) in the
eastern North Pacific. OMZs are large, persistent regions of the world’s oceans with
oxygen concentrations of ≤0.5 ml/l. Distinct effects on the fauna are apparent wherever
these regions intersect the benthic environment, including disruption of distributions
(Vinogradov and Voronina 1962, Saltzman and Wishner 1997, Neira et al. 2001) and
shifts in community structure, dominance, and composition (Mullins et al. 1985, Levin et
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al. 2000, Neira et al. 2001, Rabalais 2010, Levin 2002, Cowie and Levin 2009). These
changes in adult communities and evidence of larval sensitivity to low oxygen conditions
(Widdows et al. 1989, Wang and Widdows 1991, Tamburri et al. 2002) suggest gene flow
might be inhibited by OMZs, segregating populations on either side or within and outside
of them. I analyzed sequences of 16S rRNA from 65 X. washingtona individuals
spanning the OMZ of the eastern North Pacific. Two clades were resolved, one spanning
the OMZ and the other isolated within and below it. These clades represent two
evolutionarily independent lineages, and likely cryptic species, and suggest the OMZ is
playing a role in the divergence through historic allopatry when the OMZ was stronger or
due to an inability of larvae to survive the low oxygen but adult populations maintained
through rafting. This is the first finding of genetic divergence associated with an OMZ.
These regions might be playing a large, unrecognized role in evolution in the deep sea.

I compared shallow-water and deep-sea mitochondrial genomes for evidence of positive
selection in chapter 6. The mitochondria are the cell’s main source of energy and the
proteins it encodes are integral to the oxidative phosphorylation system. Due to this
functional importance they are thought to be free from adaptive selection and are
frequently used in phylogenetic and population genetic research. However, evidence of
positive selection has been detected, frequently associated with different environmental
regimes (Fontanillas et al. 2005, Balloux et al. 2009, Hassanin et al. 2009, Scott et al.
2011). Deep-sea and shallow-water habitats differ in a myriad of abiotic and biotic
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factors that might impose such selective pressure on the biota therein. I downloaded
mitochondrial genomes from three shallow and four deep caridean shrimp species, five
shallow and three deep brachyuran crab species, and seven shallow and seven deep
teleost fish species from GenBank and investigated them for evidence of positive
selection. Positive selection was apparent in each taxonomic group, particularly in
Complex I and Complex III of the oxidative phosphorylation system, suggesting the
different environmental regimes might impose selective pressures on these complexes as
has been found in association with other environmental factors (Willett and Burton 2004,
Foote et al. 2011, Yu et al. 2011, Zhang and Broughton 2013, Morales et al. 2015, Strohm
et al. 2015). The use of mitochondrial loci in phylogenetic and population genetic
analyses should therefore be analyzed critically because such selection might lead to
biased results.

The deep sea, once thought devoid of life and heterogeneity, is becoming less and less of
a mysterious black box with each study. However, each study also brings with it more
questions as to how its diverse biota evolved and survives. This dissertation reports
research carried out in an attempt to address some of these questions. An in depth
understanding of genetic patterns and evolutionary processes in this unique environment
is required to predict how it will be affected by climate change and anthropogenic
influences (Roberts 2002, Smith et al. 2009, Ramirez-Llodra et al. 2011).
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CHAPTER 2

CRYPTIC SPECIATION ALONG A BATHYMETRIC GRADIENT

Introduction
The evolutionary processes that gave rise to the remarkably diverse fauna inhabiting the
deep ocean are not well understood. Species formation requires the isolation of gene
pools, but few obvious barriers exist in the deep sea that would impede gene flow and
allow new species to form. In fact, many taxa appear to have broad bathymetric and
geographic distributions sometimes spanning entire oceans or even multiple oceans (e.g.
Allen and Sanders 1996a, France and Kocher 1996, Herrera et al. 2012). Such enormous
ranges suggest populations are well connected via dispersal and barriers to gene flow are
rare. The high diversity, lack of obvious isolating barriers and broad-scale distribution of
many taxa raise intriguing questions about how and where new species form in this vast,
remote and complex ecosystem.

Molecular genetic analyses of deep-water taxa have begun to document geographic and
bathymetric patterns of divergence that implicate several mechanisms potentially limiting
gene flow and allowing populations to diverge. Population divergence has been
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associated with distance (France 1994, Knutsen et al. 2012), depth (France and Kocher
1996, Chase et al. 1998, Etter et al. 2005), topography (Iguchi 2007, Etter et al. 2011),
hydrographic features (Stepien et al. 2000, Roques et al. 2002, Le Goff-Vitry et al.2004),
environmental heterogeneity (Etter et al. 2005) and vicariance (Kojima et al. 2001,
Aboim et al. 2005, Stefani and Knutsen 2007), and is often large enough to arguably
reflect cryptic species. Cryptic species are quite common in marine environments
(Knowlton 1993), but may be more common in the deep sea where much less is known
about the biology and natural history of the fauna and where morphology may be highly
conserved. The presence of cryptic species suggests geographic distributions may be
greatly overestimated and biodiversity underestimated, which will have important
implications for identifying the ecological forces that shape local and regional levels of
diversity, understanding the evolutionary processes that promote diversification, and
protecting the ecosystem properties essential for managing and preserving the deep-water
fauna. This later concern is especially important now because the deep sea is
experiencing increasing stresses from a wide variety of anthropogenic activities including
fisheries, energy extraction and mineral mining (Ramírez-Llodra et al. 2011, Levin and
Sibuet 2012, Mengerink et al. 2014).

Although many species are thought to have broad bathymetric ranges, often exceeding
2500 m (e.g. bivalvia: Cuspidaria atlantica, Poromya tornata (Olabarria 2005);
echinoidea: Paragonaster subtilis, Porcellanaster ceruleus (Howell et al. 2002);
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polychaeta: Nephtys sphaerocirrata, Ophelia profuna (Cosson-Sarradin et al. 1998)), they
are typically defined morphologically. The strong environmental changes that occur
across such large depth ranges, however, are likely to engender population differentiation
and possibly lead to the formation of new species. A number of environmental gradients
attend changes in depth including pressure, temperature, oxygen, nutrient flux,
topographic complexity, environmental heterogeneity and sediment characteristics
(reviewed in Gage and Tyler 1991). Each of these gradients, singly or in combination, has
been invoked as key forces regulating bathymetric distributions (Carney 2005), altering
ecological processes (Levin et al. 2001), shaping macroecological patterns (reviewed in
Rex and Etter 2010), fostering adaptation (e.g. Somero 1992, Levin 2003, Brown and
Thatje 2011), and promoting diversification (Etter et al. 2005). If these strong
environmental gradients promote diversification and deep-water taxa are limited in the
range of biotic and abiotic conditions they can successfully tolerate, then many species
that are defined morphologically and thought to have broad bathymetric ranges (e.g. >
2500 m) might instead be composed of complexes of cryptic species that have adapted to
specific depth regimes. Quantifying bathymetric patterns of genetic variation and
identifying cryptic species is critical to better understand the abundance, distribution and
diversity of the deep-water fauna and the ecological and evolutionary processes that
shape local and regional patterns of biodiversity.
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Here we quantify bathymetric patterns of genetic variation for a common protobranch
bivalve Neilonella salicensis (Sequenza, 1877) in the western North Atlantic. This
species is abundant throughout the Atlantic, ranging in depth from 508 m to 3800 m, but
may occur deeper in the West European Basin (Allen and Sanders 1996a, b).
Protobranchs are the most basal bivalve group (Kocot et al. 2011, Smith et al. 2011,
Sharma et al. 2012), are infaunal deposit feeders, and reach their greatest success in the
deep-sea (reviewed in Zardus 2002). Most protobranchs, including Neilonella salicensis,
have a long, complicated taxonomic history of species synonymizations, splitting, and
renaming primarily based on morphological characters of the shell (e.g. height/length
ratios, umbo position, presence and shape of hinge teeth) and internal structures (e.g. size
and shape of adductor muscles, gill plates, and positioning and shape of the gut)
(reviewed in Warén 1989, Allen and Sanders 1996b). Although morphology forms the
basis for most species level identifications, recent genetic analyses of other deep-sea
protobranch bivalves have frequently identified significant genetic divergence within
putative morphological species suggestive of cryptic species (Chase et al. 1998, Etter et
al. 1999, 2005, Zardus et al. 2006, Jennings et al. 2013). In addition, the first
comprehensive molecular phylogenetic analysis of the protobranch bivalves discovered
considerable inconsistencies in the phylogenetic relationships within and among genera
(Sharma et al. 2013) suggesting that even at these higher taxonomic levels delineating
evolutionary affinities may be challenging with traditional morphological features.
Population genetic and phylogenetic analyses of Neilonella salicensis within the North
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American Basin revealed strong genetic divergence among populations at different
depths, likely indicative of a cryptic species and suggesting that the environmental
gradients that attend changes in depth play an important role in population differentiation
and speciation in the deep sea.

Methods
Samples
Epibenthic sled samples were collected in 2008 from 1000 to 5200 m depth in the
Western North Atlantic along the Gayhead-Bermuda transect from south of
Massachusetts to Bermuda (Fig 2-1). Samples were sorted at 2°C on board or stored in
chilled 95% ethanol to be sorted in the laboratory. Protobranch bivalves sorted on board
were either flash-frozen at –80°C or placed in 95% ethanol and stored at –20°C to
maintain the integrity of the DNA. Neilonella individuals were identified
morphologically as N. salicensis or Neilonella whoii (Allen and Sanders 1996b) based on
characters described in Allen and Sanders (1996b) and were found in samples from 2200
to 3800 m.

Extraction, PCR Amplification and Sequence Processing
Genomic DNA was extracted from 50 whole individuals using the QiaAMP Mini Tissue
kit (Qiagen, Valencia, CA) and the standard protocol for tissues, with two elutions of 100
µl. PCR amplification reactions (50 µl) consisting of 1X GoTaq flexi buffer (Promega,
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Madison, WI), 1.2 pmol of each primer, 2 pmol of dNTP, 1.25 mM BSA, 2.5 mM MgCl,
1 U of Gotaq Flexi polymerase (Promega), and 2 µl genomic DNA template were carried
out for all loci. The mitochondrial cytochrome c oxidase subunit I gene (COI), nuclear
calmodulin intron (CAL) and nuclear 28S rRNA gene were amplified and sequenced.
The PCR profiles consisted of an initial denaturation cycle of 94oC for 3 min, followed
by 35 cycles of 94oC for 30 sec, 45 sec at the annealing temperature specific by locus,
and 72oC for the extension time specific by locus, with a final hold at 4oC. Primers,
annealing temperatures and extension times are listed in Table 2-1. Amplification of COI
consisted of two rounds, the preliminary round with LCO1490 and HCO2198 and the
secondary with a nested forward, NSCOIF2 and HCO2198 due to poor initial
amplification. Negative controls from the original round were also included to test for
contamination. Twenty individuals were sequenced at the 28S rRNA gene, 10 from each
of the two N. salicensis clades. Sequencing of the COI and the calmodulin intron were
attempted for all N. salicensis individuals, but success varied. Two N. whoii individuals
collected from station 18a at a depth of 3800 m were sequenced for 28S, COI and the
calmodulin intron and used as an outgroup. Two individuals of the more distantly related
protobranch, Malletia johnsoni Clarke 1961, were sequenced for all three loci for use in
phylogenetic analyses. These three loci were selected to span a range of evolutionary
rates.
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PCR products were checked for the presence of single bands through gel electrophoresis
and outsourced to Agencourt (a Beckman-Coulter company, Beverly, MA) for bidirectional sequencing. Raw chromatograms were provided to us. The forward and
reverse sequences were edited and aligned using Sequencher 5.0.1 (Gene Corp. Ann
Arbor, MI) and checked by eye to ensure correct base calling. Heterozygous individuals
for the calmodulin intron were detected with clear double peaks in the chromatogram.
Alleles containing indels were resolved using the online program Indelligent (Dmitriev
and Rakitov 2008). Heterozygotes were phased using the Parent-Independent-Mutation
(PIM) model and a threshold of 0.65 in PHASE vers. 2.1.1 (Stephens et al. 2001,
Stephens and Donnelly 2003). Each direction was resolved separately before realigning.
Alignments of multiple individuals were created using ClustalX (Larkin et al. 2007) in
BioEdit and visually checked in MacClade (Maddison and Maddison 2005) to ensure
accuracy of alignment.

Genetic Analyses
Arlequin 3.5 (Excoffier and Lischer 2010) was used to calculate basic diversity indices
and to test for neutrality. The number of haplotypes, gene diversity, and nucleotide
diversity were calculated for each locus. Neutrality was tested using both Tajima’s D
(tested at p<0.05) and Fu’s Fs (tested at p<0.02). Indels in the calmodulin intron were
excluded from these analyses.

!17

Phylogenetic relationships were inferred using BEAST v 1.7.4 (Drummond et al. 2012)
for each locus (COI, CAL, and 28S) individually and all loci combined. Tracer was used
to ensure sufficient burnin and run time based on ESS estimations of at least 100. The
COI tree was inferred using the SRD06 mutation model. The calmodulin tree and the
combined three locus tree were inferred using a HKY mutation model based on the AIC
and BIC models selected in jMODELTEST (Guindon and Gascuel 2003, Darriba et al.
2012). A Yule speciation prior was enforced with all trees and analyses were carried out
with an uncorrelated lognormal clock and an MCMC chain of 3x107 steps, logging every
1000 trees and a starting UPGMA tree. Individuals were collapsed into haplotypes and
alleles for the COI and CAL analyses respectively. The tree with all three loci contained
only the individuals for which all three loci were successfully sequenced. Tree models
were linked to create one combined tree. Two N. whoii individuals were used as an
outgroup in each tree analysis. These analyses were repeated using M. johnsoni as an
outgroup to determine if topologies were robust.

A haplotype network was inferred for each locus using statistical parsimony in TCS v
1.21 (Clement et al. 2000), treating gaps as a 5th state. The connection limit was increased
until all haplotypes for each locus were incorporated into a single network for each of the
two N. salicensis clades defined from our phylogenetic analyses.

Species Delimitation
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Two species delimitation methods were used to evaluate the probability that the node
between the two N. salicensis clades was indicative of different species, a discovery
method and a validation method (Carstens et al. 2013). The heuristic search tool
implemented in Brownie (O’Meara 2010) was used in the discovery phase. This method
takes ultrametric gene trees as input to estimate species assignments and relationships.
Three gene trees were used as input, a tree each for 28S, COI, and the calmodulin intron.
These trees contained only the individuals for which all loci were sequenced and were
estimated using BEAST v 1.7.4 with parameters as described in the preceding section.
The heuristic search was carried out in triplicate with default settings changing only the
minimum number of individuals per species to 2.

The validation approach used was BPP vers. 2.2 (Rannala and Yang 2003, Yang and
Rannala 2010). BPP uses the multispecies coalescent with a guide tree in a Bayesian
framework to estimate the posterior probability of trees with differing numbers of
lineages (potential species delimitations). The analysis included all three loci and a guide
tree that specified whether individuals were from the shallow or deep clades of N.
salicensis, or from N.whoii. Only individuals sequenced for all three loci were included
in the analysis. To assess convergence three replicate runs were conducted with 250,000
steps and a burnin of 25,000. This ensured ESSs of ≥ 1000 for all parameters. The
validity of the delimitation between shallow and deep clades of N. salicensis was further
tested by mixing shallow and deep individuals in the guide tree and running two
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variations (different individuals mixed among clades) three replicate times. To determine
how robust the results were to the selection of priors, we altered the fine tune parameter
of the species delimitation algorithm 1 (2 and 20), and the gamma (α, β) distribution of
theta and tau (mean = 0.0001, 0.025, 0.01). Each parameter variation was run with both
the correctly mapped individuals and the mixed model.

Results
Identification and Amplification
A 405 base pair segment of COI and a 583 base pair segment of the calmodulin intron
was successfully amplified from 41 and 29 individuals identified as N. salicensis
respectively. A 672 base pair segment of 28S was successfully amplified for 18 of the 20
N. salicensis individuals attempted. Amplification failures showed no clear pattern based
on depth or station. All loci were successfully amplified for 2 N. whoii and 2 Malletia
johnsoni individuals to be used as outgroups. Sequences were deposited in GenBank
under accessions numbers KM 102340-KM102448.

Genetic Diversity
Overall gene diversity of COI was high, with diversity greater than 0.9 at all stations
except 17a where only three individuals were sequenced. Nucleotide diversity was low,
ranging from 0.03 at station 6a to 0.14 at station 14a. No haplotypes were shared
between stations shallower than 2800 m and deeper than 3200 m. Gene diversity was
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similar between the two depth groups, but nucleotide diversity was greater in the deeper
group. (Table 2-2)

The overall gene diversity of the calmodulin intron was also high. The greatest diversity
was at station 17a, and the lowest diversity was at station 7a. Nucleotide diversity was
low, from 0.00 at station 7a to 0.02 at station 14a. Again no haplotypes were shared
between shallow (< 2800 m) and deep (> 3200m) individuals. Both the haplotypic and
nucleotide diversity of the calmodulin intron was greater in the deeper group than the
shallower (Table 2-2). More heterozygous individuals were detected in the deep group as
well, 12 compared to 1 in the shallow group. Five indels were resolved, ranging in length
from 1 to 9 base pairs.

The ten individuals sequenced for 28S from the stations above 2800 m shared a single
haplotype while the stations below 3200 m had two. Diversity indices were greater for
the deeper group and no haplotypes were shared between shallow and deep groups.
Results are reported pooled for the shallow and deep groups due to the small sample size
by station (Table 2-2).

Tests of Neutrality
Tests of neutrality for both COI and the calmodulin intron were nonsignificant at all
stations, except 18a, for which Tajima’s D was significant for the calmodulin intron.
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When samples were pooled into shallow and deep groups, both Tajima’s D and Fu’s Fs
for the clamodulin intron were significant for the deep group whereas both were
nonsignificant for the shallow group. (Table 2-2)

Phylogenetic Analysis
Bayesian phylogenetic analyses of the COI locus resulted in two distinct clades, one for
N. whoii and another for N. salicensis, with posterior probabilities of 1.00 for both
branches (Fig. 2-2). Within the N. salicensis group, there was a secondary split of two
clades, with branch supports of 1.00 and 0.61, individuals shallower than 2800 meters
forming one clade and deeper than 3200 meters forming another. Within both clades
there were two distinct subgroups supported by posteriors of 1.00 and 0.61 in the shallow
clade and 0.59 and 1.00 in the deep.

Phylogenetic analysis of the calmodulin intron supported a similar branching pattern with
strong divergence between a shallow and deep clade within N. salicensis (Fig 2-3).
Branches between N. whoii and N. salicensis and between the two clades within N.
salicensis were supported by posterior probabilities of 1.00 on each branch. The two
clades within the shallow and deep clades were again well resolved, the shallow clades
supported with a posterior of 1.00 and the deep of 0.81. Phylogenetic analysis of the
twelve individuals for which all three loci were sequenced produced a very similar
topology, with posteriors of 1.00 on each branch between the outgroup N. whoii and N.
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salicensis, as well as on the branches of the shallow and deep clades within N. salicensis
and of 1.00 and 0.54 for clades within the deep group. The split within the shallow clade
was not well supported (Fig 2-4). All phylogenetic topologies remained unchanged when
M. johnsoni or both M. johnsoni and N. whoii (not shown) were used as the outgroup. A
28S tree was not reported due to the lack of polymorphisms within each group.

The 28S rRNA network depicts a clear split, with twelve substitutions separating the
shallow and deep samples and over 100 substitutions separating each from N. whoii (Fig.
2-5). Haplotype networks for COI and the calmodulin intron are reported for each group
individually because shallow and deep clades were separated by a large number of
substitutions and phylogenetic divisions were distinct and consistent. Shallow and deep
clades were separated by 58 substitutions for COI and 65 substitutions for the calmodulin
intron. The COI network for the shallow group has a somewhat stellate appearance but
the deeper group does not. Both groups have a stellate haplotype network for the
calmodulin intron, but the samples below 3200 m exhibit a more complex network, with
longer branches and more haplotypes (Fig 2-5).
Species delimitation
Four species were resolved using O’Meara’s (2010) heuristic search. These corresponded
to N. whoii, a shallow N. salicensis clade and two deep N. salicensis clades. The two
deep N. salicensis clades correspond to the two well supported clades on the phylogeny
of all three loci and the two divergent haplotypes at 28S within individuals deeper than

!23

3200 m (Fig 2-6). These individuals do not consistently group together in the single locus
phylogenies, thus the split appears to be driven by the 28S divergence and might
represent two clades that are in the process of diverging but are not as far down this path
as the shallow and deep clades. These results were consistent over all trials.

BPP analyses using a guide tree with individuals correctly mapped to shallow and deep
clades of N. salicensis reported tree frequencies of 1.00 for the 11 tree, with posteriors of
1.00 for the node between shallow and deep, as well as the node between N.
salicensis and N. whoii. In contrast, all model runs using a guide tree with individuals
mixed between shallow and deep clades of N. salicensis resulted in tree frequencies of ≥
0.9 for the 10 tree, with the node between the two mixed populations having a posterior
of ≤ 0.1 and the node between N. salicensis and N. whoii of 1.00. The BPP analyses
provide strong support that the multi-locus divergence between the shallow and deep
lineages is indicative of different species.

Discussion
Cryptic species?
Neilonella salicensis (Seguenza, 1877) was originally described as a single species based
on conchology and internal anatomy (Warén 1989, Allen and Sanders 1996b), but
molecular genetic analyses suggest that it is composed of at least two genetically distinct
groups separated bathymetrically that likely represent cryptic species. The two highly
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supported clades shared no haplotypes at nuclear loci (28S and calmodulin intron) or the
mitochondrial locus COI. Although validation of genetic divergences between putative
cryptic species with morphological analysis has resulted in diagnostic characters in other
species (Piggott et al. 2011, Barata et al. 2012, Takeuchi et al. 2012), a close examination
of individuals from the two different depth regimes revealed no clear morphological
differences, suggesting they have not diverged phenotypically or more detailed
multivariate analyses will be needed.

Identification of cryptic species has become increasingly prevalent in a variety of
environments (e.g. Jackson and Austin 2012, Marin et al. 2013, Millar and Byrne 2013,
Rheindt et al. 2013, Hammer et al. 2014). The criteria and data required to genetically
identify morphologically cryptic species remains controversial though (Sites and
Marshall 2003, DeSalle et al. 2005, de Queiroz 2007, Whelan 2011, Carstens et al. 2013,
Kvist 2013) and often varies among taxa and markers. Many species are inferred solely
based on the “barcoding” COI gene (e.g. Hebert et al. 2004, Brix et al. 2011, Knox et al.
2012, Pfeiler et al. 2013), yet considerable debate exists on how best to use COI to
delineate putative species and whether a single locus is sufficient (DeSalle et al. 2005,
DeSalle 2007, Waugh 2007, Birky 2013). More compelling arguments for delimiting
species involve recently developed computational approaches that utilize statistical
analyses of multilocus datasets to infer species level divergences (e.g. O’Meara 2010,
Yang and Rannala 2010, Ence and Carstens 2011, Carstens et al. 2013, Rannala and Yang
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2013). Controversy and discordance remain with these methods (e.g. Leaché and
Rannala 2011, Carstens et al. 2013, Carstens and Satler 2013, Miralles and Vences 2013,
Parmakelis et al. 2013, Satler et al. 2013), but consistent results across multiple methods
provide well-supported evidence for independent evolutionary lineages.

Our work suggests three congeners of Neilonella exist within the western North Atlantic
and that they have partitioned the deep sea bathymetrically, with little overlap among
their depth ranges. The traditional N. salicensis is found at bathyal depths and is
probably composed of two morphologically cryptic species that have separated into upper
and lower bathyal depth regimes. Even if they have not met species level status yet, they
are sufficiently divergent to be independent evolutionary lineages. At abyssal depths, N.
salicensis is replaced by N. whoii, which is widely distributed throughout the Atlantic and
genetically and morphologically quite distinct. Sporadic records of N. salicensis at
abyssal depths likely reflect misidentifications, a view shared by Allen and Sanders
(1996b). Two other congeners occur within the deep Atlantic but are quite rare, have not
been found in the western North Atlantic and are easily distinguished from N. salicensis
based on morphology (Warén 1989, Allen and Sanders 1996a, b, Allen 2008).

Species Formation
Morphologically identical yet genetically divergent populations appear to be common in
the deep sea (Etter et al. 1999, Zardus et al. 2006, Brandão et al. 2010, Baird et al. 2011,
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Knox et al. 2012), especially across bathymetric gradients, but the forces that foster
population differentiation and speciation are not well understood. Divergence has been
associated with a wide variety of potential mechanisms including both selective and
nonselective processes (e.g. distance, depth, hydrography, vicariance and selection along
environmental gradients). Although we cannot identify specific mechanisms with the
present data, we highlight a few that seem to be the most plausible.

Divergence and the Deep Western Boundary Current
The genetic break between upper and lower bathyal clades occurs where the Deep
Western Boundary Current (DWBC) flows southwest along the slope (Bower et al. 2011,
Toole et al. 2011) which might be sufficiently powerful to entrain essentially passively
dispersing larvae and prevent gene flow between depth regimes. However, both empirical
and simulated trajectories indicated considerable mixing with a high potential of
movement between depth regimes, especially where the DWBC interacts with the Gulf
Stream (Bower et al. 2011, 2013, Lozier et al. 2012), suggesting the present DWBC is
unlikely to impede larval exchange among upper and lower bathyal populations. Of
course, the nature and scale of dispersal will be influenced by the length of time larvae
disperse and whether they are passive. Little is known about how protobranch larvae
disperse in the deep ocean, whether they are passive or even how long they spend in the
water column, although shallow-water species tend to have relatively short pelagic phases
(Zardus and Morse 1998, Zardus 2002).
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Divergence along environmental gradients
The small scale over which divergence emerges and the lack of obvious oceanographic or
topographic features that could impede gene flow suggest selection may play an
important role. The genetic break occurs at bathyal depths where the slope is relatively
steep and environmental gradients are strong. A number of biotic and abiotic
environmental conditions change across these depths including temperature, pressure,
oxygen, nutrient flux, sediment characteristics, calcite solubility, environmental
heterogeneity, predation, species diversity and trophic complexity (reviewed in Gage and
Tyler 1991). Strong environmental gradients can lead to population differentiation and
speciation, even in the face of considerable gene flow (Irwin 2012). Indeed, a growing
body of evidence suggests ecological forces may be much more important than
previously thought in limiting gene flow and promoting diversification (reviewed in
Nosil 2012, Koutroumpa et al. 2013), especially in marine environments where allopatric
constraints on gene flow appear to be limited (Bowen et al. 2013). Ecologically driven
speciation could occur in the deep sea if adaption to local selective pressures along the
depth gradient limits larval exchange among depth regimes due to immigrant inviability
(sensu Nosil et al. 2005). Strong evidence for such a process exists in shallow-water
corals (Prada and Hellberg 2013) and may be even more likely in the deep sea where few
other mechanisms are likely to impede gene flow on such small scales.
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Several obvious phylogeographic and macroecological patterns are consistent with the
notion that speciation in the deep sea is often driven by ecological changes along
bathymetric gradients. Population differentiation is much greater for populations
separated vertically (with depth) than those separated horizontally (distance along
isobaths) (Bucklin et al. 1987, France and Kocher 1996, Zardus et al. 2006, Raupach et al.
2007, Miller et al. 2011, Etter et al. 2011). For example, protobranch bivalves separated by

3 km in depth were considerably more divergent genetically than those separated by over
10,000 km at the same depth (Zardus et al. 2006, Etter et al. 2011). The depth-related
divergence is often sufficiently large to suggest the presence of cryptic species (France
and Kocher 1996, Chase et al. 1998, Etter et al. 1999, Held and Wägele 2005, Reveillaud
et al. 2010, Baird et al. 2011, Schüller 2011). Farther along the divergence spectrum,
congeners and sibling species are often separated bathymetrically (e.g. Allen and Sanders
1996a, Clague et al. 2011, White et al. 2011, Castelin et al. 2012, Laakmann et al. 2012,
Moura et al. 2012, Quattrini et al. 2013) and depth is the most frequently cited factor
separating sibling species (Knowlton 1993). Because species formation is a very
dynamic process that occurs across a variety of time scales, we should expect a range of
divergence levels reflective of various stages of speciation. The fact that these stages are
commonly found along bathymetric gradients suggests depth, and the environmental
gradients that attend changes in depth, likely play a fundamental role in the
diversification of the deep-water fauna.

!29

Divergence and paleo-oceanography
It is possible that the DWBC was much stronger in the past and disrupted gene flow
between depth regimes long enough for divergence to occur. Molecular clock estimates of
the observed genetic divergence in COI between shallow and deep clades suggest gene
flow has been absent for more than 15 million years (based on a COI clock of arcid
bivalves from Marko 2002), during which the DWBC varied considerably in intensity
(Boyle and Keigwin 1982, Keigwin and Pickart 1999). If divergence in the past was
sufficient to prevent recruitment of larvae from contrasting depth regimes, then even
though the contemporary flows of the DWBC allow larval exchange between depths,
gene flow would be precluded due to migrant inviability. Interestingly, another
protobranch (Nucula atacellana) exhibits a strong genetic break among populations from
different depths in the same general vicinity (Chase et al. 1998, Zardus et al. 2006), but
multilocus estimates of divergence suggest a much more recent split (1 mya, Jennings et
al. 2013). As global climate shifted historically and thermohaline circulation waxed and
waned, the DWBC may have periodically disrupted gene flow among populations at
different depths fostering repeated rounds of species formation. If true, we should expect
other taxa with distributions that span the DWBC to exhibit diversification at similar
times. In addition, if the waxing and waning of the DWBC is acting essentially as a
speciation pump by repeatedly disrupting gene flow, it might also help to explain the well
known peak in diversity at bathyal depths in the western North Atlantic (Rex 1981, Etter
and Grassle 1992).
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Historical allopatry
Another possible explanation for the phylogeographic patterns is that the two lineages of
N. salicensis diverged in allopatry and are coming back into proximity within the western
North Atlantic. Although we cannot rule out divergence elsewhere within the Atlantic,
there are few obvious mechanisms that would impede gene flow and emerging
phylogeographic patterns from a wide variety of taxa suggest geographic divergence is
much less likely than bathymetric (France and Kocher 1996, Chase et al. 1998, Etter et al.
1999, Reveillaud et al. 2010, Baird et al. 2011, Schüller 2011).

Conclusion
Cryptic species appear to be much more prevalent along bathymetric gradients in the
deep sea, which is consistent with the notion that environmental gradients that attend
changes in depth play a key role in the diversification of the largely endemic deep-water
fauna. The presence of cryptic species leads to underestimates of diversity and
overestimates of geographic distributions, and can confound inferences about the
ecological forces that regulate the structure and function of these communities.
Understanding the frequency, geography and taxonomic propensity of cryptic species will
be essential to develop more effective strategies to manage deep-water ecosystems and
mitigate the affects of increasing anthropogenic stresses.
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Locus: length
COI: 405

CAL: 583

28s: 672

Station
Sequenced Haplotypes
6a
6
5
7a
5
4
10
9
8
Shallow group
20
13

H
0.93
0.9
0.97
0.95

π
0.03
0.04
0.04
0.04

Tajima’s D
7.95
14.62
6.18
6.64

Fu’s Fs
1.38
2.53
-0.24
0.59

7.63
3.50E8
6.54
6.54

4.85
7.08
4.12
13.2

14a
17a
18a
Deep group

8
3
10
21

6
2
7
9

0.93
0.67
0.93
0.9

0.14
0.12
0.08
0.11

Total
6a
7a
10
Shallow group

41
3
2
7
12

22
2
1
5
6

0.96
0.53
0
0.79
0.65

0.15
0.0034
0
0.007
0.0053

6.34
2.76
0
0.63
-0.55

8.87
2.9
NA
1.96
1.32

14a
17a
18a
Deep group

6
3
8
17

11
6
10
24

0.98
1
0.9
0.94

0.02
0.019
0.0095
0.015

-0.67
1.77
-1.25
-1.53

-2.64
-0.81
-1.51
-8.47

Total
Shallow group
Deep group
Total

29
10
8
18

30
1
2
3

0.92
0
0.54
0.62

0.09
0
0
0.02

3.61
0
4.91
6.79

6.35
NA
2.91
13.5

NW

2

1

0

0

NA

NA

Table 2-2 Diversity indices and tests of neutrality. Genetic diversity indices and tests of neutrality calculated in Arlequin v 3.5. Total number of individuals
sequenced for COI and 28S, and total number of alleles sequenced for CAL is reported for each station. Bolded neutrality indices were statistically significant.
Station names correspond to stations sampled on the Endeavor 2008 cruise in the western North Atlantic.
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CHAPTER 3

GENETIC PATTERNS OF TWO DEEP-SEA CRYPTIC SPECIES ALONG A
BATHYMETRIC GRADIENT

Introduction
Patterns of genetic diversity provide insight into evolutionary processes underlying
species formation. The species diversity of the deep sea exceeds that of shallow marine
systems (Etter and Mullineaux 2001), but the factors isolating gene pools and promoting
population divergence and speciation are not thoroughly understood. The benthic fauna
of the deep sea is integral to global biogeochemical processing (Jahnke and Jackson
1992, Archer and Maier-Reimer 1994, Ragueneau et al. 2000) and is increasingly
impacted by anthropogenic effects and climate change (Roberts 2002, Smith et al. 2009,
Ramirez-Llodra et al. 2011, Samadi et al. 2016). Therefore, a thorough knowledge of
evolutionary processes in this unique environment is necessary to predict how the fauna
and the biogeochemical processes will be affected and altered by these threats.

Studies of the deep sea have typically focused on ecological questions but an increasing
amount of attention is being paid to evolutionary mechanisms that led to the habitat’s
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diverse fauna, particularly in the deep North Atlantic. Genetic divergence has been
attributed to many of the evolutionary mechanisms and isolating factors found in other
systems, including topography (Suneetha and Salvanes 2001, Knutsen et al. 2009, Etter et
al. 2011, Fernández et al. 2011), environmental gradients (Jennings et al. 2013, Glazier
and Etter 2014), distance (France 1994, Knutsen et al. 2012), and hydrographic features
(Stepien et al. 2000, Roques et al. 2002, Le Goff-Vitry et al. 2004, Dueñas et al. 2016).
The deep sea presents unique physical characteristics that might also have evolutionary
impacts, such as high hydrostatic pressure (Zardus et al. 2006, Cowart et al. 2014, Glazier
and Etter 2014) and oxygen constraints (Rogers 2000, Levin et al. 2001, Glazier and Etter
in prep).

Factors isolating gene pools might be more pronounced in the bathyal region of the North
Atlantic, from 200-4000 m, than the deeper abyss. The bathyal zone is characterized by
greater topographic, environmental, temporal, and biotic heterogeneity (reviewed in Gage
and Tyler 1991). The strong depth and abiotic gradients associated with the steep drop
from the continental shelf break to the gentler slopes of the abyss might create specific
selective regimes to which populations become selectively adapted (Schüller 2011,
Quattrini et al. 2013, Jennings et al. 2013). Gene pools might also be isolated
nonselectively by topographic features such as the jagged canyons that cut slope faces of
the bathyal region, and historical changes in species range and connectivity due to
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changes in thermohaline circulation. The abyss is more homogeneous, with fewer of
these potential isolating mechanisms.

Concomitant with the peaks in abiotic factors, morphological diversity (Etter and Rex
1990, Olabarria and Thurston 2003), genetic diversity (Costantini et al. 2011), species
diversity (Rex 1981, Boucher and Lambshead 1995, Olabarria 2005) and population
differentiation (France and Kocher 1996, Etter et al. 1999, Quattro et al. 2001, Etter et al.
2005, White et al. 2011) all peak at mid-bathyal depths and decline towards the abyss.
Mid-bathyal depths might therefore act as an evolutionary pump driving biotic diversity
in the deep sea. These biotic patterns led to the development of the Depth Differentiation
Hypothesis, which suggests that genetic differentiation is greater at mid-bathyal than
abyssal depths (Etter et al. 2005).

To further understand evolution on a fine scale within the deep North Atlantic patterns of
genetic variation of the protobranch bivalve Neilonella salicensis (Sequenza 1877) were
analyzed. Protobranchs are the most prevalent deep-sea bivalve group, are the most
ancestral bivalve group (Sharma et al. 2012), and most species are endemic to the deep
sea (Zardus 2002, Allen 2008). Genetic patterns were examined from 2200 m to 3800 m
along a transect from Martha’s Vineyard, Massachusetts to Bermuda. N. salicensis has
undergone numerous taxonomic revisions, including renaming, splitting, and species
synonymization, and was recently suggested to be composed of two bathymetrically

!55

segregated cryptic species (Glazier and Etter 2014). Comparing genetic patterns of
congeneric species minimizes the influence of life history factors that would confound
the patterns in more distantly related taxa, allowing for the examination of the influence
of different depth regimes on evolutionary patterns.

Methods
Samples
Epibenthic sled samples were collected in 2008 from 1000 to 5200 m depth in the
Western North Atlantic along the Gay Head-Bermuda transect between Massachusetts
and Bermuda (Fig 3-1). Samples were sorted at 2°C on board or stored in chilled 95%
ethanol to be sorted in the laboratory. Protobranch bivalves sorted on board were either
flash-frozen at –80°C or placed in 95% ethanol and stored at –20°C to maintain the
integrity of the DNA. Specimens were identified morphologically as N. salicensis based
on characters described in Allen and Sanders (1996) and were found in samples from
2200 to 3800 m.

Extraction, PCR Amplification, and Sequence Processing
Genomic DNA was extracted from 50 individuals using the QiaAMP Mini Tissue kit
(Qiagen, Valencia, CA) and the standard protocol for tissues, with two elutions of 100 µl.
PCR amplification reactions (50 µl) consisting of 1X GoTaq flexi buffer (Promega,
Madison, WI), 1.2 pmol of each primer, 2 pmol of dNTP, 1.25 mM BSA, 2.5 mM MgCl,
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1 U of Gotaq Flexi polymerase (Promega), and 2 µl genomic DNA template were carried
out separately for four loci. The mitochondrial cytochrome c oxidase subunit I gene
(COI), and nuclear calmodulin intron (CAL), beta tubulin intron (BTUB), and beta
tubulin exon (BTUBex) were amplified and sequenced. The PCR profiles consisted of an
initial denaturation cycle of 94oC for 3 min, followed by 35 cycles of 94oC for 30 sec, 45
sec at the annealing temperature specific by locus, and 72oC for the extension time
specific by locus, with a final hold at 4oC. Primers, annealing temperatures, extension
times, and references are listed in Table 3-1.

PCR products were checked for the presence of single bands through gel electrophoresis
and outsourced to Beckman-Coulter (Beverly, MA) for bi-directional sequencing. The
forward and reverse sequences were edited and aligned using Sequencher vers. 5.0.1
(Gene Corp. Ann Arbor, MI) and raw chromatograms were checked by eye to ensure
correct base calling. Heterozygous individuals for the nuclear loci were detected with
clear double peaks in the chromatogram. Alleles containing indels were resolved using
the online program Indelligent (Dmitriev and Rakitov 2008). Heterozygotes were phased
using the Parent-Independent-Mutation (PIM) model and a threshold of 0.65 in PHASE
vers. 2.1.1 (Stephens et al. 2001, Stephens and Donnelly 2003). Each direction was
resolved separately before realigning. Alignments of multiple individuals were created
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using ClustalX (Larkin et al. 2007) in BioEdit and visually checked in MacClade
(Maddison and Maddison 2005) to ensure accuracy of alignment.

Basic Genetic Analyses
Arlequin vers. 3.5 (Excoffier and Lischer 2010) was used to calculate basic diversity
indices and test for neutrality. The number of haplotypes, gene diversity, and nucleotide
diversity were calculated for each locus. Neutrality was tested using both Tajima’s D
(tested at p<0.05) and Fu’s Fs (tested at p<0.02). Indels in CAL and BTUB introns were
excluded from these analyses. All diversity indices and tests of neutrality were calculated
by station and by clades previously identified as cryptic species (Glazier and Etter 2014).
A z-test of selection was carried out in MEGA vers. 5.0 (Tamura et al. 2011) for BTUBex
due to significant Fu’s Fs and shared alleles among clades (see below). The proportion of
synonymous to nonsynonymous substitutions was estimated and a z-score calculated to
test the alternative hypotheses of non-neutrality, positive selection, and negative
selection. The numbers of synonymous and nonsynonymous substitutions were
estimated using the modified Nei-Gojobori method (Nei and Kumar 2000) and the
variance estimated by bootstrapping. Tests were conducted for all individuals together,
with individuals grouped by clade, and pairwise.

Permutation tests of pairwise genetic distances were carried out using the perm package
(Fay and Shaw 2010) for R vers. 3.0.2 to test if the genetic diversity was significantly
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different between the clades shallower than 3000 m and deeper than 3000 m to determine
if genetic diversity varies with depth along with species diversity. Pairwise genetic
distances were calculated within each clade respectively in Mega vers. 5.05 for each
locus. The Kolmogorov-Smirnov test was used to test the assumption of similar
distributions between clades for each locus. The null hypothesis that the difference in
mean genetic distances between the two clades was 0 was tested using an “exact.mc”
implementation of the two-sided test with the permTS command at p<0.05. If this was
significant the single sided “less” and “greater” tests were implemented to test if the
difference in true means of the shallower and deeper clades was less than or greater than
zero respectively.

Tests for deviations from Hardy-Weinberg Equilibrium and linkage disequilibrium were
carried out in GenePop vers. 4.2 with individuals grouped by sampling station and clade.
The exact HW test (Guo and Thompson 1992) was implemented initially to test the null
hypothesis of random association of gametes for each station individually and for all
taken as a single population for each clade. If this test yielded a significant result,
suboptions 1 and 2, testing for heterozygote deficiency and excess respectively, were
implemented.

Population Genetics and Population Assignments
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Population assignment probabilities were calculated with STRUCTURE (Pritchard et al.
2000) to test the likelihood that individuals were partitioned into different populations. A
run of 500,000 repetitions followed a burnin of 100,000 for K=1 to K=10 with 20
repetitions for each K. The admixture model was enforced because there was no a priori
reason to expect individuals could not have mixed ancestry and allele frequencies were
correlated for analyses of clades delimited as cryptic species because this model is more
successful in delimiting closely related populations (Falush et al. 2003). Allele
frequencies were independent in analyses of all individuals due to the lack of sharing of
alleles for most loci between clades. Lambda was inferred and alpha was set uniform in
the first run to decrease the number of parameters estimated. In subsequent runs lambda
was set based on this initial run and alpha was inferred and allowed to vary among
populations. K was chosen with the delta K criterion (Evanno et al. 2005) using Structure
Harvester (Earl and vonHoldt 2012) and with the Pritchard method (Pritchard et al. 2000)
because K=1 cannot be evaluated with the delta K criterion. The K with the highest
likelihood and for which individual assignments were unambiguous was accepted.
Analyses were carried out for all N. salicensis and for the two clades independently with
the 4-locus dataset and for just the three nuclear loci.

The partitioning of genetic variation was calculated using AMOVA in Arlequin vers. 3.5
to quantify genetic differentiation within the species and clades. The AMOVAs were
calculated for all N. salicensis and for each clade individually using the 4-locus dataset,
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including all loci in a single analysis and just the nuclear loci. Individuals were grouped
based on STRUCTURE analyses and by clade resolved by BEAST (see below).
AMOVAs with individuals grouped by station were carried out with 0.1, 0.2, and 0.3
levels of allowable missing data to determine how missing data influenced the results.
This was not done for tests with individuals grouped by BEAST clades because only
individuals with all loci sequenced were included. Single locus and pairwise AMOVAs
were also calculated with individuals grouped by station. Isolation by distance (IBD) was
calculated with the Mantel and partial Mantel tests. These were carried out between
pairwise genetic distances and log of the geographic distance between stations, and the
differences in depth between stations. These tests were calculated in Arlequin vers. 3.5
using the full 4-locus dataset.

Haplotype networks were inferred for each locus using statistical parsimony in TCS vers.
1.21 (Clement et al. 2000), treating gaps as a 5th state to analyze phylogenetic
relationships among alleles. The connection limit was increased until all intraclade
individuals were incorporated into a single network for each locus.

A phylogeny was estimated in BEAST vers. 1.8 (Drummond et al. 2012) based on the 4locus dataset to infer evolutionary relationships among the individuals. BEAST utilizes
Baysian inference and gene trees to estimate population or species trees. Only
individuals for which all loci were sequenced were included and an individual of another
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protobranch bivalve, Malletia johnsoni, was used as an outgroup to root the trees. Runs
were carried out for 250,000,000 steps with a relaxed lognormal clock model, a UPGMA
starting tree, and a Speciation: Yule Process tree prior. Mutation models for CAL and
BTUB were HKY+G, for COI was SRD09 with partitions (1+2)+3, and for BTUBex was
HKY+G+I based on AIC and BIC calculated in jMODELTEST (Darriba et al. 2012).
Trees were summarized and the maximum clade credibility tree estimated for each with
TreeAnnotator.

Demographic Analysis
Extended Bayesian Skyline plots (EBSP) depicting historical population shifts were
created for each clade using BEAST vers. 1.8 (Drummond et al 2012) to incorporate
historical population expansions and contractions in understanding of genetic patterns.
The EBSP is estimated based on the coalescent and the multilocus phylogeny (Heled and
Drummond 2008). Runs were carried out as for the phylogeny but with an EBSP tree
prior. Skyline plots were generated for each clade separately. A mutation rate of 0.45 %/
(lineage site million year) from Marko (2002) was set for COI, resulting in an x-axis
scale of millions of years. The y-axis was converted to numbers of individuals using an
estimated generation time of 10 years.

Results
Diversity Indices and Tests of Neutrality
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The previously identified clade above 3000 m had a greater number of alleles than that
below 3000 m for COI and BTUB, and the clade below 3000 m shared more for CAL and
BTUBex (Table 3-2). Gene diversity was similar between clades for COI and BTUB,
and was greater in the deeper clade for CAL and BTUBex (Fig 3-2). Nucleotide diversity
varied from 0.005 for CAL in the shallower clade to 0.238 for BTUB in the deeper clade
(Table 3-2). It was greater in the deeper clade for COI and BTUB (Fig 3-2). No alleles
were shared between clades for COI, CAL, or BTUB, and 4 were shared for BTUBex.

All Kolmogorov-Smirnov tests were significant, rejecting the null hypotheses that the
distributions of genetic distances are the same between clades and failing the assumption
of similar distributions for the permutation test. Genetic distances were significantly
different between clades for each locus in the permTS tests. Tests of the alternative
hypothesis that the difference between the true mean of the shallow group and of the deep
group is less than zero were also significant for all loci and tests of the alternative
hypothesis that the difference between clades is greater than zero were not, signifying
that the genetic distances of the shallower clade were less for all loci than those of the
deeper clade (Table 3-2).

All tests of neutrality were nonsignificant for COI and BTUB. Both Tajima’s D and Fu’s
Fs were nonsignificant for the clade above 3000 m and significant and negative for the
clade below 3000 m for CAL. Fu’s Fs was significant and negative for the clade below
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3000 m for BTUBex (Table 3-2). The Z-test of selection was significant for
nonneutrality for all the individuals grouped together (z=2.349, p=0.02) and for the
deeper clade (z=2.276, p=0.025). It was also significant for positive selection for all
individuals grouped together (z=2.354, p=0.01), the deeper clade (z=2.163, z=0.016), and
the shallower clade (z=1.765, p=0.04). Significant pairwise z-scores were reported for
nonneutral and positive selection between clades (29.5% of tests significant), within the
shallower clade (19.4% of tests significant), and within the deeper clade (25% of tests
significant).

The exact test for Hardy Weinberg Equilibrium was significant for both clades for all
loci. Both clades were significant for heterozygote deficiency for CAL and BTUB.
Neither clade was significant for heterozygote excess (Table 3-3). Linkage
disequilibrium was not apparent within either clade. The test reported “No information”
due to the high haplotypic diversities, which caused all the numbers in the contingency
table to be 1 (Table 3-3).

Population Genetics and Population Assignments
STRUCTURE analyses using both the Pritchard and Evanno methods including all
individuals with the 4-locus dataset supported the two clades previously delimited as
separate species despite the shared alleles in BTUBex. Analyses of each clade separately
identified two populations for the deep clade and five for the shallow with both methods
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with the 4-locus dataset. However, when assignment probabilities were graphed all
individuals had equal probability of belonging to each population, so K = 1 was accepted
for both the shallower and deeper clades. Based on just the nuclear loci 2 populations
were identified for each clade but assignments were ambiguous so K = 1 was accepted
(Fig 3- 3).

The shallower clade had significant and moderate ΦST at the 0.1 level of missing data for
all loci (ΦST=0.142, p=0.02) and a nonsignificant ΦST for the nuclear loci when
individuals were grouped by station. Both datasets indicated significant and moderate
ΦSTs at the 0.2 (4 loci ΦST=0.153, p=0.01; nuclear ΦST=0.127, p=0.034) and the 0.3 level
(4 loci ΦST=0.172, p<0.001; nuclear ΦST=0.18, p=0.001) (Table 3-4). Significant and
moderate ΦSTs were also indicated by the AMOVA for COI (ΦST=0.142, p=0.018) and
BTUB (ΦST=0.17, p=0.001) but not for CAL and BTUBex (Table 3-4). The pairwise
AMOVAs for the shallower clade based on all 4 loci gave significant ΦSTs between
stations 6a and 7a and 7a and 10 at all levels of allowable missing data. The nuclear
dataset reported significant ΦSTs between 6a and 10 with a level of allowable missing
data of 0.2 and between 6a and 7a and 7a and 10 with a level of 0.3 (Table 3-4).

When shallower clade individuals were grouped by BEAST clades all AMOVAs
indicated high and significant ΦSTs (4 loci ΦST=0.406, p<0.001; nuclear ΦST=0.477,
p<0.001) (Table 3-5). Single locus AMOVAs indicated moderate and significant ΦST for
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CAL (ΦST=0.171, p=0.007), high and significant ΦST for BTUB (ΦST=0.522, p<0.001),
and nonsignificant ΦST for COI and BTUBex (Table 3-5).

The deeper clade had significant and moderate ΦST at the 0.1 and 0.2 levels of missing
data (ΦST=0.103, p=0.026) but a nonsignificant ΦST for the nuclear loci when individuals
were grouped by station. At the 0.3 level of missing data both datasets had nonsignificant
ΦSTs (Table 3-6). The ΦST for BTUB was significant (ΦST=0.219, p=0.033) but the rest
of the single loci were nonsignificant (Table 3-6). Pairwise AMOVAs for the deeper
clade based on all 4 loci gave significant ΦSTs between 17a and 18a in the deeper clade at
all levels of allowable missing data. No pairwise comparisons were significant with the
nuclear dataset in the deeper clade (Table 3-6).

All AMOVAs with the 4 loci dataset and the nuclear dataset indicated high and
significant ΦSTs when individuals were grouped by BEAST clade (4 loci ΦST=0.968,
p<0.001; nuclear ΦST=0.985, p<0.001) (Table 3-7). The ΦST for BTUB was significant
(ΦST=0.992, p<0.001) but the rest of the single loci were nonsignificant when grouped by
BEAST clade (Table 3-7).

ΦSTs were greater when individuals were grouped by BEAST clade than by station for
each clade and the deeper clade had higher ΦSTs than the shallower clade when grouped
by BEAST. Results varied with the level of allowable missing data due to different
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sampling success rates for different loci and individuals. A higher level of allowable
missing data included loci for which individuals were not successfully sequenced, which
altered the number of individuals included in the analysis and the genetic information at
each station included. The higher levels of allowable missing data might not have
included enough individuals to test the null hypothesis due to a lack of power (Fitzpatrick
2009).

The haplotype networks for each clade largely depicted alleles as singletons or shared by
few individuals. The most prevalent allele in all the intron networks was from the CAL
network of the deeper clade and was shared by eight individuals. There were many
unsampled alleles in these networks. The COI network for the deeper clade also had
many unsampled haplotypes, and haplotypes were shared by at most four individuals.
The shallower clade had fewer unsampled haplotypes, one haplotype shared by five
individuals and the rest shared by one to three. The BTUBex network had three main
alleles shared by 27, 11, and 10 individuals from both clades. One more allele was
shared between clades, with two individuals from the shallower clade and one from the
deeper. The rest of the alleles were singletons or shared by two individuals (Fig 3-4)

The two clades delimited here by STRUCTURE and as separate species in Glazier and
Etter (2014) were well resolved by BEAST, with posterior probabilities of 0.97 and 0.85
supporting the shallower and deeper clade respectively. Both clades consisted of two
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well-supported subclades, with posterior probabilities of 1 (Fig 3-5). These subclades
were not resolved in the STRUCTURE analysis.

Tests for isolation by distance, by depth, by distance without depth, and by depth without
distance were all not significant. The tests for isolation by distance and by depth had
high r values and were nearly significant (distance r=0.79, p=0.06; depth r=0.75, p=0.07).
(Table 3-8).

Demographic Analyses
The EBSP analyses for each clade estimated a recent population expansion. The
expansion in the deep clade was longer in duration than the shallower, and reached
greater effective population size, but the shallower clade showed a sharper increase (Fig
3-6).

Discussion
Bathymetric segregation was apparent between the two clades previously delimited as
cryptic species (Glazier and Etter 2014) but not between the subclades within these
species. Despite the sharing of some alleles in BTUBex, the two bathymetrically
segregated clades were resolved in STRUCTURE analyses. No population structure was
found within either clade by STRUCTURE but this was likely due to missing data
overwhelming the analyses and the violation of the assumption of Hardy Weinberg
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proportions. The AMOVAs based on the phylogeny indicated high levels of
differentiation between the subclades, particularly in the deeper clade. These subclades
were not bathymetrically segregated.

Scales of Divergence
The stations sampled here are separated by a maximum of 75 km distance with no clear
physical barrier to gene flow. Work on a related species with a similar bathymetric range
reported little population structure geographically between basins (Zardus et al. 2006). It
is therefore reasonable to hypothesize that gene flow is maintained among the
geographically closer stations sampled for this work. However, population structure was
detected within both clades, suggesting gene pools are isolated in some way over these
short distances.

Glazier and Etter (2014) proposed paleo-oceanography, historical allopatry, the Deep
Western Boundary Current (DWBC), and differences in depth and the associated
environmental gradients as potential mechanisms isolating the bathymetrically segregated
gene pools. Isolation due to the contemporary DWBC is unlikely due to the mixing that
occurs in this region where it interacts with the Gulf Stream (Etter and Bower 2015).
Gene flow might have been cut off, however, during a time of increased DWBC strength
(Etter and Bower 2015). Alternatively, differences in depth and attendant environmental
gradients are increasingly cited as a possible isolating factor (France and Kocher 1996,
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Etter et al. 2005, Raupach et al. 2007, Jennings et al. 2013, Glazier and Etter 2014,
Quattrini et al. 2015). Many abiotic ((i.e. temperature, pressure, nutrient flux, salinity,
oxygen concentration (Gage and Tyler 1991)) and biotic ((i.e. species diversity, biomass,
zonation (Rex 1981, Rex et al. 2006, Olabarria 2005)) factors vary with depth and might
impact gene flow in species with broad bathymetric ranges.

Isolation along environmental gradients that attend changes in depth or the historically
stronger DWBC might play a role in the structuring of the two N. salicensis clades
suggested to be cryptic species (Glazier and Etter 2014), but they don’t appear as
important within these clades. Individuals from the deepest and shallowest stations
grouped in the same well-supported subclade within the deep clade, illustrating a lack of
bathymetric divergence.

Examples of sympatric differentiation, the differentiation of populations with overlapping
ranges as is apparent within each clade, and sympatric speciation, are common in marine
(Duffy 1996, Hellberg 1998, Jarman et al. 2000, Ladhar-Chaabouni et al. 2010) and
freshwater (Behrmann-Godel et al. 2004, Sell and Spirkovski 2004, Gratton et al. 2013)
literature. A frequently cited mechanism is niche separation (Corriero et al. 1989, Duffy
1996, Noakes 2008, Elmer et al. 2010, Quattrini et al. 2013). Both sediment particle
diversity (Etter and Grassle 1992) and species diversity (Rex 1981, Boucher and
Lambshead 1995, Olabarria 2005) decrease with increased depth after a peak at mid-
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bathyal depths. The majority of bathyal and abyssal macrofauna are deposit feeders
(Gage and Tyler 1991). Therefore niche divergence based on sediment particle diversity
might be playing a role in the evolution and coexistence of these species, the greater
diversity of sediment particles allowing for the divergence and maintenance of a greater
diversity of species at mid-bathyal depths. This might also be playing a role in the
differentiation of the subclades analyzed here, with the subclades utilizing different types
of sediment and diverging based on those niches.

Prezygotic gamete recognition has also been implicated in sympatric speciation (Palumbi
1992, Rawson et al. 2003, Lessios 2007, Wu et al. 2011). Successful fertilization relies
on interactions between proteins of the sperm and egg. These interactions have been
found to fail in interspecific pairings, disallowing hybridization and maintaining species
boundaries in sympatric species (Metz et al. 1994, Metz and Palumbi 1996, Vacquier and
Swanson 2011). The subclades resolved here might be segregated due to similar gamete
incompatibilities yet further studies on the gametic proteins would need to be carried out
to fully examine this possibility.

Genetic Patterns and Depth
As the precursors to speciation, greater population structure and differentiation might be
expected at mid-bathyal depths concomitant with the peak in species diversity and
associated physical heterogeneity (i.e topographic heterogeneity: MacIlvaine and Ross
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1979, Cooper et al. 1987, Mellor and Paull 1994, Vetter and Dayton 1998; environmental
heterogeneity: reviewed in Gage and Tyler 1991, Etter and Grassle 1992; environmental
gradients that attend the bathymetric gradient: reviewed in Gage and Tyler 1991) with a
decrease towards lower bathyal and abyssal depths. Patterns of genetic differentiation and
diversity have been shown to vary with species diversity in empirical work in terrestrial
(Vellend 2004, He et al. 2008, Struebig et al. 2011), freshwater (Blum et al. 2011, Baselga
et al. 2013, Lamy et al. 2013) and shallow marine (Messmer et al. 2012, Chatzigeorgiou
et al. 2014) habitats as well as in theoretical analyses (Vellend 2005, 2006, Vellend and
Geber 2005). This was also apparent in interspecific comparisons across depth regimes
in the deep sea (Etter et al. 2005).

Shared Alleles
The two N. salicensis clades previously delimited as separate species (Glazier and Etter
2014) were resolved and AMOVA analyses resulted in significant strong differentiation
despite the shared alleles in BTUBex. Discordance between loci is well recognized and
might be due to retention of ancestral polymorphism, incomplete lineage sorting, or
hybridization (Knowles and Carstens 2007, Maddison 2007, Degnan and Rosenberg
2009). The negative Fu’s Fs for BTUBex for both clades and for all individuals grouped
as one (Fs=-15.503, p<0.001) suggests balancing selection, which might be strong
enough to force the maintenance of ancestral alleles and incomplete lineage sorting
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despite divergence at other loci (Edwards et al. 1997, Charlesworth 2006, Seidel et al.
2008, Sicard et al. 2015).

Alternatively, there might be hybridization between the two clades. Environmental
gradients that attend changes in depth have been suggested as mechanisms for divergence
in this species (Glazier and Etter 2014) and others (Havermans et al. 2013, Jennings et al.
2013, Quattrini et al. 2013). However, the bathymetric ranges within each clade (600m
and 500 m respectively) over which gene flow is apparent are similar to or greater than
the bathymetric range between the two previously delimited as evolutionarily
independent lineages (500 m) . This suggests the larvae are able to persist over
environmental gradients associated with this change in depth. Larvae might thus be able
to pass between the two bathymetrically segregated clades, allowing for hybridization.
The clades were also suggested to be isolated on either side of a historically stronger
DWBC. The weakening of the DWBC over the past 3 my (Frank et al. 2002) might
allow larvae to traverse the contemporary DWBC whereas historically they were not able
to, facilitating hybridization between clades and incongruence among loci.

Conclusion
The clades previously delimited as cryptic species are segregated bathymetrically but the
subclades within each are not. Environmental gradients associated with the bathymetric
gradient or a historically stronger DWBC might be isolating gene pools between the two
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putative cryptic species but other factors appear to be driving the differentiation and
divergence within each. The deep sea is increasingly impacted by both climate change
(Ruhl et al. 2008, Smith et al. 2009) and anthropogenic influences (Roberts 2002,
Ramirez-Llodra et al. 2011, Samadi et al. 2016) and a thorough understanding of genetic
patterns of, and evolutionary mechanisms that led to, the diverse fauna at all scales is
necessary to attempt to predict how this fauna will be affected.
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CHAPTER 4

AN EXAMINATION OF GENETIC PATTERNS OF TWO DEEP-SEA CONFAMILIAL
PROTOBRANCH BIVALVES

Introduction
The deep sea is the world’s largest environment and is inhabited by a diverse, largely
endemic fauna. Despite a historic focus on the ecology of this biota, genetic patterns
have begun to emerge that provide insight into the evolutionary processes that led to it.
Genetic divergence among ocean basins and across oceans has been related to
topography, environmental gradients, historic allopatry, and distance (France et al. 1992,
France 1994,Stepien et al. 2000, Zardus et al. 2006, Boyle 2011, Etter et al. 2011).
Patterns of high genetic diversity (France and Kocher 1996, Etter et al. 1999) and strong
divergence (Chase et al. 1998, Jennings et al. 2013, Glazier and Etter 2014, Quattrini et
al. 2015) have been reported over smaller distances as well but the lack of obvious
barriers to gene flow make conclusions about the mechanisms underlying these patterns
difficult. This raises intriguing questions about what factors might be isolating gene
pools, leading to these divergences, and facilitating evolution. Given the importance of
the environment in biogeochemical processes (Jahnke and Jackson 1992, Archer and
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Maier-Reimer 1994, Danovaro et al. 2008) a thorough understanding of its genetic
patterns and evolutionary mechanisms is required to understand and anticipate how it will
be impacted by global climate change and anthropogenic influences (Roberts 2002, Smith
et al. 2009, Ramirez-Llodra et al. 2011).

To investigate evolutionary processes in the deep North Atlantic and what mechanisms
might have led to the high biotic diversity, genetic patterns were quantified for two
species of protobranch bivalve from the family Malletiidae: Malletia johnsoni (Clarke
1961) and Clencharia abyssorum (Verrill and Bush 1898). Protobranch bivalves are
ubiquitous in the deep sea, often more common in the abyss than in shallow water, and
often achieve broad distributions among ocean basins (Allen and Sanders 1996, Zardus
2002). The upper- to mid-bathyal M. johnsoni has a bathymetric range of 1100 m to 3834
m (Allen and Sanders 1996). This bathymetric region is characterized by greater
environmental (Etter and Grassle 1992), topographic (Gage and Tyler 1991) and temporal
(Adkins et al. 1988, Raymo et al. 1998, Lambeck and Chappell 2001) heterogeneity than
the deeper lower bathyal and abyssal depths. The heterogeneity might inhibit gene flow,
facilitate greater genetic differentiation, and have led to the concurrent peaks in genetic
differentiation (France and Kocher 1996, Chase, et al. 1998, Etter, et al. 2005) and
species diversity (i.e. Rex 1981, Boucher and Lambshead 1995, Olabarria 2005). In
contrast, the mid- to lower-bathyal C. abyssorum has a range of 2864 m to 5280 m (Allen
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and Sanders 1996), a bathymetric region with greater homogeneity and fewer potential
barriers to gene flow.

Previous studies in this region have reported divergence with depth (Chase et al. 1998,
Zardus et al. 2006, Jennings et al. 2014) and greater differentiation at mid-bathyal depths
than deeper lower bathyal and abyssal depths (Etter et al. 2005). These studies were
largely based on a single locus (Chase et al. 1998, Etter et al. 2005, Zardus et al. 2006),
which provides a single sample of the evolutionary history. This multilocus analysis of
closely related species at different depths provides a more complete view of the
evolutionary history because genetic patterns at different loci are influenced by different
factors. The analysis of closely related species controls for potential confounding factors
that might influence genetic patterns, such as pelagic larval duration (Riginos and Victor
2001), dispersal mode (Hellberg 1996, Arndt and Smith 1998), ecological characteristics
(Riginos and Victor 2001, Bird et al. 2007, Birand et al. 2012), and reproductive strategy
(Kelly and Palumbi 2010). This allows for more precise inferences about how
environmental factors within each depth regime influence the genetic patterns.

Moderate differentiation was apparent among sampling stations of M. johnsoni and
differentiation was only apparent in the mitochondrial loci of C. abyssorum but not when
all loci were analyzed together. These results support the hypothesis that the bathyal
region facilitates population differentiation to a greater degree than deeper lower bathyal
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depths (Etter et al. 2005). The bathyal region might therefore be an integral habitat for
the evolution of the unique biotic diversity in the deep sea.

Methods
Samples
Epibenthic sled samples were collected in 2008 on the R/V Endeavor from 1000 to 5200
m depth in the Western North Atlantic along the Gay Head-Bermuda transect from south
of Massachusetts to Bermuda (Fig 4-1). Specimens were sorted at 2°C on board or stored
in chilled 95% ethanol to be sorted in the laboratory. Protobranch bivalves sorted on
board were either flash-frozen at –80°C or placed in 95% ethanol and stored at –20°C to
maintain the integrity of the DNA. M. johnsoni and C. abyssorum specimens were
identified morphologically based on characters described in Sanders and Allen (1985)
and were found in samples from 1300 m to 2500 m and 2700 m to 5000 m respectively.
Due to small sample sizes C. abyssorum specimens from 3200 m to 4700 m were used.

Extraction, PCR Amplification and Sequence Processing
Genomic DNA was extracted from 45 C. abyssorum individuals and 45 M. johnsoni
individuals using the QiaAMP Mini Tissue kit and the standard protocol for animal
tissues with two elutions of 100 µl. PCR amplification reactions consisting of 1X GoTaq
Flexi buffer (Promega, Madison, WI), 1.2 pmol of each primer, 2 pmol of dNTP, 1.25
mM BSA, 2.5 mM MgCl, 1 U of Gotaq Flexi polymerase (Promega), and 2 µl genomic
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DNA template in a total volume of 50 µl were carried out for all loci. Mitochondrial 16S
rRNA and cytochrome c oxidase subunit I (COI) genes, and nuclear calmodulin intron
(CAL), beta tubulin intron (BTUB), and beta tubulin exon (BTUBex) were amplified and
sequenced. The PCR profiles consisted of an initial denaturation cycle of 94oC for 3
min, followed by 35 cycles of 94oC for 30 sec, 45 sec at the annealing temperature
specific by locus, and 72oC for the extension time specific by locus, with a final hold at
4oC. Primers, annealing temperatures and extension times are listed in Table 4-1.

PCR products were checked for the presence of single bands through gel electrophoresis
and outsourced to Beckman-Coulter (Beverly, MA) for bi-directional sequencing. Raw
chromatograms were provided to us. The forward and reverse sequences were edited and
aligned using Sequencher vers. 5.0.1 (Gene Corp. Ann Arbor, MI) and checked by eye to
ensure correct base calling. Heterozygous individuals for the nuclear loci were detected
with clear double peaks in the chromatogram. Alleles containing indels were resolved
using the online program Indelligent (Dmitriev and Rakitov 2008). Heterozygotes were
phased using the Parent-Independent-Mutation (PIM) model and a threshold of 0.65 in
PHASE vers. 2.1.1 (Stephens et al. 2001, Stephens and Donnelly 2003). Each strand was
resolved separately before realigning. Alignments of multiple individuals were created
using ClustalX (Larkin et al. 2007) in BioEdit and visually checked in MacClade
(Maddison and Maddison 2005) to ensure accuracy of alignment.
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Basic Genetic Analyses
Arlequin vers. 3.5 (Excoffier and Lischer 2010) was used to calculate basic diversity
indices and to test for neutrality. The number of haplotypes, gene diversity, and
nucleotide diversity were calculated for each locus. Neutrality was tested using both
Tajima’s D (tested at p<0.05) and Fu’s Fs (tested at p<0.02). Indels in CAL and BTUB
were excluded from these analyses. Selection on COI of C. abyssorum was tested using a
Z-test of selection and a Fisher’s Exact test in MEGA vers. 5.05 (Tamura et al. 2011)
based on AMOVA results (see below). The z-test was carried out with alternative
hypotheses of dN≠dS, dN<dS, and dN>dS pairwise and overall.

Tests for deviations from Hardy-Weinberg equilibrium and linkage disequilibrium were
carried out in GenePop vers. 4.2. The exact HW test (Haldane 1954, Guo and Thompson
1992) was implemented initially to test the null hypothesis of random association of
gametes for each station individually and for all taken as a single population for each
species. If this test yielded a significant result, further tests for heterozygote deficiency
and excess respectively, were implemented. These tests were carried out by station, by
species, and by populations defined by STRUCTURE results.

Permutation tests of pairwise genetic distances were carried out using the perm package
(Fay and Shaw 2010) for R vers. 3.0.2 to test whether the genetic diversity was
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significantly different between M. johnsoni and C. abyssorum. Pairwise genetic distances
were calculated within M. johnsoni and C. abyssorum in Mega separately for each locus.
The Kolmogrov-Smirnov test was used to test the assumption of identical distributions
between species for each locus. The null hypothesis of no difference in the mean genetic
distances between the two species was tested using an “exact.mc” implementation of the
two-sided test with the permTS command at p<0.05. Genetic distances were compared
between species to investigate if distance differed between the two depth regimes.

Population Genetics and Population Assignments
Haplotype networks were inferred for each locus using statistical parsimony in TCS vers.
1.21 (Clement et al. 2000), treating gaps as a 5th state. The connection limit was
increased until all intraspecific individuals were incorporated into a single network for
each locus. These analyses depict the phylogenetic relationships among the alleles and
provide insight into the demographic histories of the species.

To evaluate the presence or absence of population structure individuals first needed to be
assigned to potential populations. Population assignments were calculated using a
multilocus input file in STRUCTURE vers. 2.3.4 (Pritchard et al. 2000). A run of 500000
steps followed a burn-in of 100000 for K=1 to K=10 groups with 20 repetitions for each
K. The admixture model was enforced because there was no a priori reason to expect
subdivision or that individuals could not have mixed ancestry and allele frequencies were
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modeled as correlated among groups because this model is more successful in delimiting
closely related populations (Falush et al. 2003). Lambda was inferred and alpha was set
uniform in the first run to decrease the number of parameters estimated. In subsequent
runs lambda was set based on this initial run and alpha was inferred and allowed to vary
among populations. The sampling location was used as a prior because it aids in
delimiting weak structure and does not resolve structure that does not exist (Hubisz et al.
2009). K was chosen with the delta K criterion (Evanno et al. 2005) using Structure
Harvester (Earl and vonHoldt 2011), and with the Pritchard method (Pritchard et al.
2000) because K=1 cannot be evaluated with the delta K criterion. The K with the
highest likelihood from each method was selected. In the case of a discrepancy between
the two, the K for which individuals were unambiguously assigned to specific
populations was selected. CLUMPP (Jakobsson and Rosenberg 2007) was used to
analyze output files that were then visualized using distruct (Rosenberg 2004). Analyses
were carried out for M. johnsoni and C. abyssorum separately with the full dataset and
with just the nuclear loci.

The partitioning of genetic variation was calculated using AMOVA implemented in
Arlequin vers. 3.5 to analyze population structure and quantify genetic differentiation
within the two species. The AMOVAs were calculated for each species individually
using both the multilocus and nuclear datasets with individuals partitioned into
populations based on STRUCTURE results and by collection stations. The amount of
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missing data allowed was set to 0.1, 0.2, and 0.3 to determine how the gaps in sequencing
success impacted genetic structure. This was done due to different sequencing success
rates among the loci and among the stations, particularly with stations 3a and 7a. The
higher levels of allowable missing data included loci in the analysis that were not
successfully sequenced for a single individual in one or both stations, thus omitting the
extremes of the sampled bathymetric range and potentially impacting the apparent
genetic pattern. Single locus AMOVAs were also carried out with individuals partitioned
based on STRUCTURE results and pairwise AMOVAs with individuals grouped by
station with both datasets and for single loci. Isolation by distance (IBD) was calculated
with the Mantel and partial Mantel tests. These were carried out between pairwise
genetic distances and geographic distance between stations, the differences in depth
between stations, and the logs of the geographic distance between stations and differences
in depth. These tests were calculated in Arlequin vers. 3.5 using the full 5 locus dataset.

Intraspecific phylogenetic relationships were estimated for each species respectively in
BEAST vers. 1.8 (Drummond et al. 2005). Runs were carried out for 250000000 steps
with a relaxed lognormal clock model, UPGMA starting tree and a coalescent tree prior
enforced on all trees. Mutation models for 16S rRNA, BTUBex, BTUB, CAL, and COI
were HKY, HKY+I, HKY+I, HKY+G, and SRD09 with partitions (1+2)+3 respectively
for M. johnsoni and HKY, HKY+I, HKY+I, HKY, and SRD09 with partitions (1+2)+3
respectively for C. abyssorum based on AIC and BIC calculated in jMODELTEST
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(Darriba et al. 2012). Only individuals for whom all loci were sequenced were used in
the analysis. Tracer was used to ensure sufficient burn-in and run time based on ESSs of
at least 100. Trees were summarized and the maximum clade credibility tree estimated for
each with TreeAnnotator.

Demographic Analyses
To incorporate historical population expansion or contraction in the understanding of
differences in genetic patterns at both depths Extended Bayesian Skyline plots (EBSP)
depicting historical demographic changes were created for each species using BEAST
vers. 1.8. The EBSP is estimated based on the coalescent and the multilocus phylogeny
(Heled and Drummond 2008). Runs were carried out as above for each species but with
an EBSP tree prior and only conspecifics. The mutation rate of 0.45%/(lineage site
million-years) from Marko (2002) was set for COI, resulting in millions of years. The yaxis was converted to numbers of individuals using an estimated generation time of 10
years.

Results
Genetic Diversity Indices
M. johnsoni exhibited a single haplotype among the 42 individuals sequenced for 16S
rRNA, 5 haplotypes between the 22 individuals sequenced for COI, 20 alleles among the
32 individuals sequenced for BTUB, 32 alleles among the 34 individuals sequenced for
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CAL, and 79 alleles among the 41 individuals sequenced for BTUBex (Table 4-2). C.
abyssorum shared 4 haplotypes among the 36 individuals sequenced for 16S rRNA, 7
haplotypes for the 20 individuals sequenced for COI, 43 alleles for the 35 individuals
sequenced for BTUB, 31 alleles for the 29 individuals sequenced for CAL, and 39 alleles
for the 38 individuals sequenced for BTUBex (Table 4-2). Haplotype diversity was
greater in M. johnsoni for COI and greater in C. abyssorum for BTUB. Nucleotide
diversity was greater in M. johnsoni for BTUB and greater in C. abyssorum in COI (Fig.
4-2).

The exact HW test yielded significant results for M. johnsoni for CAL. This was further
tested for heterozygote excess or deficiency and was found significant for heterozygote
deficiency. The exact HW test was significant for CAL and BTUBex for C. abyssorum.
Both were found significant for heterozygote deficiency. These results held for tests of
each station individually and for all stations together by species. No evidence for linkage
disequilibrium was apparent for either species. Tests with BTUBex reported “no
information” due to the high diversity at the locus and all marginal column totals in the
contingency tables being 1 (Table 4-3).

The Kolmogrov-Smirnoff tests for 16S, CAL, and BTUB were significant so permutation
tests were not carried out. The mean pairwise distance was not significantly different
between the two species for BTUBex (p=0.988) and COI (p=0.964).
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Neutrality Tests and Tests of Selection
Neutrality tests were nonsignificant for all loci in M. johnsoni except Fu’s Fs for
BTUBex. Tajima’s D was nonsignificant for all loci in C. abyssorum. Fu’s Fs was
significant for BTUB and BTUBex and nonsignificant for 16S, COI, and CAL for C.
abyssorum (Table 4-2). The overall z-tests of selection on COI of C. abyssorum for no
selection and for purifying selection were significant. The pairwise reported significant
z-scores for tests of individuals from station 21 and other stations. The Fisher’s exact test
gave congruent results.

Population Genetics and Population Assignments
The haplotype networks for the mitochondrial loci for each species consisted of fewer
haplotypes than those of the nuclear loci, largely separated by one substitution. For C.
abyssorum the networks for both 16S and COI displayed a split between the majority of
the stations and the deepest station. This split was not apparent in the networks of the
nuclear loci. All the networks for the nuclear loci of each species consisted of many
alleles, largely singletons or shared by few individuals. The CAL networks of both
species displayed long branches with many unsampled alleles (Fig. 4-3).

The STRUCTURE analyses for M. johnsoni estimated a K of 3 using the delta K criterion
and a K of 4 using the Pritchard method based on all 5 loci and a K of 2 with both
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methods with just the nuclear loci. Every individual had equal probability of being in
either population, so K=1 was accepted. AMOVAs using the five loci dataset and just the
nuclear loci with individuals grouped by station indicated significant θST with levels of
allowable missing data of 0.1 and 0.2 (θST =0.247, p<0.001 for 5 loci and θST =0.263,
p<0.001 for nuclear at both levels of allowable data) and nonsignificant θST with level of
allowable missing data of 0.3 (θST = 0.062, p=0.35 and θST =0.065, p=0.34 respectively)
(Table 4-4). The higher level of allowable missing data incorporated loci for which no
individuals were successfully sequenced for stations 3a and 7a, the extremes of the
sampled bathymetric range. By using loci that exclude these stations resolution of the
genetic pattern is lost. The single locus AMOVAs reported only significant θST s for
BTUBex and high differentiation (θST=0.59, p<0.001) (Table 4-4). The number of
significant pairwise comparisons within M. johnsoni decreased when higher levels of
missing data were allowed for both the full dataset and the nuclear loci. Stations 3a and
7a were divergent from all other stations for both datasets for levels of allowable missing
data of 0.1 and 0.2 but not for 0.3. Pairwise single locus comparisons within M. johnsoni
were only significant between 3a and all other stations and 7a and all other stations for
BTUBex (Table 4-5).

For C. abyssorum a K of 2 was selected with the Pritchard method and a K of 4 with the
delta K criterion based on all five loci. Due to ambiguous assignments, all individuals
with highest probability of being in the same population for both K=4 and K=2, K=1 was
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accepted. Based on just the nuclear loci K=6 and K=3 were selected based on the two
criteria but the ambiguous assignments resulted in accepting K=1 (Fig. 4-4). AMOVAs
were calculated with individuals grouped by station. AMOVAs resulted in significant
θSTs for the 5 loci dataset and the nuclear dataset with level of allowable missing data of
0.1 and 0.2, θST of 0.087 (p<0.001) and θST of 0.092 (p<0.001) respectively. Based on the
nuclear loci the θST was also significant at both the 0.1 and 0.2 levels of allowable
missing data (θST of 0.087 (p<0.001) and θST of 0.092 (p<0.001) respectively). At the
level of allowable missing data of 0.3 θST was significant based on 5 loci (θST =0.082,
p=0.002) and nonsignificant based on the nuclear loci (θST =0.030, p=0.062). Higher
levels of allowable missing data allowed the incorporation of more loci due to different
sequencing success rates. At the 0.1 level only BTUBex was incorporated, at 0.2 16S,
BTUB, and BTUBex, and at 0.3 16S, CAL, BTUB, and BTUBex. Single locus analyses
reported significant θSTs for both mitochondrial loci (Table 4-6). All pairwise
comparisons within C. abyssorum were significant when 0.1 and 0.2 missing data were
allowed except between station 14a and 18 and 14a and 21 for the full dataset. When the
level of allowable missing data was 0.3 comparisons between station 18 and 20, 18 and
21, and 20 and 21 were significant. When just the nuclear loci were used only the
comparison between 20 and 21 was significant when 0.2 missing data were allowed and
no comparisons were significant when 0.3 was allowed. Significant pairwise single locus
analyses varied among stations for each locus and ranged from θST=0.133 between station
20 and 14a for CAL and 0.718 between station 18 and 21 for COI (Table 4-7).
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Statistical testing of AMOVA analyses requires repeated permutation of the data to obtain
a null distribution to which test data are compared. This method has proven very helpful
in innumerable analyses yet is constrained by sample size and number of loci. The power
to reject the null hypothesis is determined by the number of possible permutations, which
is determined by the sample size and number of groups (Fitzpatrick 2009). When the
number of groups decreases the lowest possible p-value increases such that with a small
number of groups a p-value of 0.05 is never possible. The M. johnsoni analyses included
five stations when loci with 10% and 20% of the data missing were included. These
levels of allowable missing data excluded three of the four informative loci. All four loci
were included when the amount of allowable missing data was increased to 30%, but this
then included loci for which no sequences were available for station 3a and 7. The
number of stations was therefore decreased from five to three, decreasing the power of
the test, and impacting the ability to reject the null hypothesis. Further, these two stations
are the extremes of the bathymetric range and had significant pairwise ΦSTs with the
other stations, so excluding them excludes potentially very important information about
the population structure.

No IBD was apparent in either species with a 0.2 allowable level of missing data (Table
4-8). This corroborates the AMOVA results because the pairwise AMOVAs for M.
johnsoni indicated divergence between station 3a and 7a and the stations between the two
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but not between 3a and 7a, the most geographically distant stations sampled (Table 4-5),
and no divergence was apparent among stations in C. abyssorum (Table 4-7).

Both phylogenies were well resolved with high posterior supports. Individuals in each did
not always group with individuals from the same station in either phylogeny, especially in
C. abyssorum (Fig. 4-5).

Demographic Analyses
Bayesian Skyline Plots for both M. johnsoni and C. abyssorum showed evidence of slight
population expansions. The expansion was greater over a short time frame in M. johnsoni
(Fig. 4-6).

Discussion
Genetic differentiation was moderate in M. johnsoni and was greater than the
differentiation in the deeper C. abyssorum. However, inferences of M. johnsoni structure
are influenced by the amount of missing data and a lack of power in the AMOVA
analyses, as well as the assumption of Hardy-Weinberg proportions being violated, so
results and interpretations are tentative. The lack of differentiation in the nuclear loci of
C. abyssorum might reflect ongoing gene flow, slower evolutionary rates and/or
insufficient amounts of time for populations to diverge while the divergence in
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mitochondrial loci might be due to selection on the mitochondria or the early stages of
divergence. Each of these possibilities is discussed below.

Gene Flow
The lack of strong genetic structure in C. abyssorum is consistent with genetic patterns of
other lower bathyal and abyssal organisms (France and Kocher 1996, Etter et al. 2005,
Etter et al. 2011). It has been suggested that population connectivity over great distances
at these depths is maintained by dispersal in the slow-moving bottom currents. The
distances between stations sampled in this work are far less than those over which gene
flow was apparent in other organisms, such as the abyssal protobranch Ledella ultima
(Etter et al. 2011) and amphipod Eurythenes gryllus (France and Kocher 1996). Etter et
al. (2011) calculated a necessary dispersal time frame of 20 years to cover the distance
required to maintain gene flow between pan-Atlantic abyssal populations but the lack of
differentiation between the populations in that study suggests gene flow might be
maintained. Assuming a current velocity of 1 cm s-1 C. abyssorum larvae would only
need to be in the water column for about 8 hours to maintain gene flow among the
stations sampled here. Little is known about the planktonic larval phases of deep-sea
protobranchs but the cold temperature might delay metamorphosis (Leighton 1972,
Christiansen and Costlow 1975, Anger 1991) for periods much longer than those
observed in shallow water relatives, facilitating connectivity between disparate
populations.
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The ϕST of M. johnsoni indicates moderate differentiation among stations and somewhat
restricted gene flow. Restricted gene flow in the deep sea has been associated with
environmental gradients (Jennings et al. 2013, Glazier and Etter 2014), topographic
features (Iguchi et al. 2007, Etter et al. 2011), hydrographic patterns (Stepien et al. 2000,
Roques et al. 2002, Le Goff-Vitry et al. 2004), and distance (France 1994, Knutsen et al.
2012). Many of these factors peak in heterogeneity over the mid-bathyal depth range of
M. johnsoni (i.e. environmental heterogeneity: MacIlvaine and Ross 1979, Cooper et al.
1987, Gage and Tyler 1991, Etter and Grassle 1992, temporal heterogeneity: Cooper et al.
1987, Lambeck and Chappell 2001, Raymo et al. 1998, and biotic heterogeneity: Rex
1981, Etter and Rex 1990, Boucher and Lambshead 1995, Etter et al. 2005, McClain et
al. 2005).

The significant pairwise ϕSTs indicate an inhibition of gene flow among stations but if
depth or environmental gradients that parallel the change in depth were playing a role in
the isolation the more geographically and bathymetrically distant stations would be more
differentiated, which is not apparent. Further, analyses of isolation by distance or by
depth were not significant. There are no obvious topographic features that would isolate
the populations and the hydrographic regime in this region is such that it would facilitate
mixing and gene flow due to erratic flows caused by the interaction of the Gulf Stream
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and the Deep Western Boundary Current (Bower et al. 2011, 2013, Etter and Bower
2015).

The greater sediment (Etter and Grassle 1992), biotic (i.e. Rex 1981, Etter and Rex 1990,
Boucher and Lambshead 1995, Etter et al. 2005), and temporal heterogeneity (Kurihara
and Kennett 1992, Lambeck and Chappell 2001) at mid-bathyal depths compared to
deeper depths might be isolating the populations and restricting gene flow in M. johnsoni.
The majority of macrofauna at these depths are deposit feeders (Gage and Tyler 1991),
relying on the same resources for nutrition. The greater sediment heterogeneity would
allow partitioning into different niches and facilitate coexistence. Alternatively, the
temporal pressures encountered at these depths might have isolated populations and
restricted gene flow through glacial interglacial fluctuations. During glacial maxima the
sea level fell (Lambeck and Chappell 2001) and hydrographic patterns were altered
(Raymo et al 1998). Patterns of gene flow would have been impacted by these changes
in hydrography, causing shifting levels of connectivity through geologic time. The
sediment heterogeneity, biotic heterogeneity, and temporal heterogeneity might have a
larger impact on genetic patterns of mid-bathyal organisms than those of deeper depths,
and allow for greater differentiation, as seen in M. johnsoni compared to C. abyssorum.

Evolutionary Timescale
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The lack of differentiation in C. abyssorum might be due to a slower evolutionary rate
than the shallower M. johnsoni. The cold temperatures and generally low energy input of
the deep sea (Rowe and Pariente 1992) might slow metabolism and increase generation
time of C. abyssorum, such that mutations have not yet accumulated to differentiate
populations despite a lack of gene flow (Shilling and Manahan 1991, Marsh et al. 1999,
Kelley and Eernisse 2007). Slower mutation rates have been found in sister clade
analyses correlated with lower temperature regimes (Wright et al. 2011) and energy
inputs (Wright et al. 2003). This slowdown might be due to delayed maturation and
longer generation times, or slower metabolic rate leading to lower rates of DNA damage
and repair, and thus fewer mutations (Martin and Palumbi 1993, Bleiweiss 1998, Gilloly
et al. 2005, Gilloly and Allen 2007, Hawkins et al. 2007). Evolutionary rates might be
slowed in this way in C. abyssorum, resulting in less effective evolutionary time for
accumulation of mutations and differentiation of populations.

Alternatively, the lack of genetic differentiation in C. abyssorum might be the signature
of a selective sweep, stabilizing selection, or a historical population expansion.
Heterozygote deficiency, as reported in both species for CAL and in C. abyssorum for
BTUBex, might also be evidence of any of these three. All tests of neutrality were
nonsignificant except Fu’s Fs for BTUB and BTUBex for C. abyssorum. These
significant tests indicate the null hypothesis of neutral evolution can be rejected for these
loci and the negative values of Fu’s Fs suggest stabilizing selection might be acting on
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these loci. STRUCTURE analyses and AMOVAs were repeated without these loci to
determine if they had a disproportionate impact on the genetic patterns but no difference
was detected without them (data not shown). The negative Fu’s Fs might be indicative of
a recent population expansion, which might also explain why the expected pattern of
decreased genetic diversity in the deeper C. abyssorum was not found, because an excess
of low frequency alleles is associated with recent expansions (Slatkin and Hudson 1991),
increasing gene diversity. However skyline plots do not show evidence of a strong
population expansion in C. abyssorum.

Multilocus Analyses
Greater differentiation at mitochondrial loci has been attributed to recent or ongoing
speciation (Shaw 2002, Avise 2004, Jennings et al. 2013), selection on the mitochondria,
or male-biased dispersal and gene flow (Doums et al. 2002, Peters et al. 2012).
Mitochondrial loci are expected to differentiate more rapidly than nuclear loci due to the
lower effective population size (Avise 2004, Maddison 1997) and numerous studies have
found stronger divergence at mitochondrial than nuclear loci (Riginos et al. 2004, Toews
and Brelsford 2012, Jennings et al. 2013) as is apparent in C. abyssorum. Significant
tests of selection suggest the divergence is due to selection pressures on the mitochondria
within C. abyssorum, particularly between station 21 and the other stations. Divergence
within 16S overall and pairwise was not as strong but was still significant, suggesting
divergence in the whole mitochondria due to inhibited gene flow or driven by the
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selection on COI since the mitochondria acts as a single locus. Thus this might represent
the beginning stages of divergence and speciation within C. abyssorum driven by
selection on COI.

Conclusion
Despite much recent progress in genetic analyses of deep-sea biota, factors isolating gene
pools, mediating divergence, and leading to speciation are still difficult to decipher.
Patterns and processes that impact some species seem to have little to no effect on others.
Findings of cryptic species have become very common (Le Goff-Vitry et al. 2004,
Raupach et al. 2007, Wilson et al. 2007, Glazier and Etter 2014) but examples of
unexpected genetic homogeneity are also reported (Pawlowski et al. 2007, Bik et al.
2010, Teixeira et al. 2012, 2013). To investigate genetic patterns in the deep North
Atlantic genetic diversity and differentiation of two closely related protobranch bivalve
species with different depth regimes were compared. The upper to mid bathyal species,
M. johnsoni, was more differentiated than the lower bathyal C. abyssorum, but had lower
genetic diversity. These results may have been confounded, though, by missing data and a
lack of power in AMOVA tests. A thorough understanding of genetic patterns in the
unique ecosystem of the deep sea and the evolutionary forces underlying them is
necessary due to impacts of climate change (Ruhl et al. 2008, Smith et al. 2009,) and
anthropogenic forces (Roberts 2002, Ramirez-Llodra et al. 2011). The future effects of
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these impacts cannot be predicted without knowledge of current genetic patterns and
processes.
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CHAPTER 5

DIVERGENCE ACROSS AN OXYGEN MINIMUM ZONE

Introduction
Oxygen minimum zones (OMZs) are large persistent midwater features with oxygen
concentrations of ≤0.5 mL/L (Levin 2003) that profoundly influence the abundance,
distribution, and diversity of benthic organisms (Levin et al. 2000, Neira et al. 2001,
Levin 2003, Gooday et al. 2010). They typically intersect the seafloor at upper bathyal
depths (Wyrtki 1966, 1973), leading to significant shifts in community structure,
dominance, and composition (Mullins et al. 1985, Levin et al. 2000, Neira et al. 2001,
Rabalais 2002, Levin 2002, Cowie and Levin 2009). The ecological and economic effects
of OMZs have been intensively investigated (Wishner et al. 1995, Levin 2003, Prince and
Goodyear 2006, Stramma et al 2012), yet little is known about their evolutionary
consequences. OMZs affect the distribution and movement of adults (Vinogradov and
Voronina 1962, Saltzman and Wishner 1997), and are likely to also impact larval
dispersal because hypoxia affects larval behavior, development, and mortality (Widdows
et al. 1989, Wang and Widdows 1991, Tamburri et al. 2002). If larvae and adults cannot
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disperse through the OMZ, gene flow might be inhibited, possibly leading to population
differentiation and speciation (White 1987, Wilson and Hessler 1987, Rogers 2000).

Present day OMZs are associated with upwelling systems in the eastern Pacific, Bay of
Bengal, southeast Atlantic, and Arabian Sea (Helly and Levin 2004). Upwelled waters
carry nutrient rich bottom water to the euphotic zone fostering a highly productive
ecosystem. The excess organic matter decomposes as it sinks, depleting oxygen and
creating an oxygen minimum zone below. The slow currents at these depths limit
horizontal transport and mixing with more oxygen rich waters. This usually occurs at
bathyal depths, from 200 m to 1000 m (Wyrtke 1966, 1973), impacting a currently
estimated 1.148 x 106 km2 of sea floor (Helly and Levin 2004) and 102 x 106 km3 ocean
volume (Paulmier and Ruiz-Pino 2009). These regions differ biogeochemically from
more oxygen rich waters, and are characterized by greater organic carbon preservation
(Paropkari et al. 1993, Hartnett et al. 1998, Schulte et al. 2000, Burdige 2007), metal
cycling (Aller 1994, Law et al. 2009), and denitrification (Gruber and Galloway 2008,
Gruber 2011, Schwartz et al. 2009). OMZs persist over geologic time scales but fluctuate
in strength and extent in response to climatic warming and cooling (von Rad 1995,
Reichert et al. 1998, Cannariatto and Kennett 1999).

Recent increases in the size, duration, and frequency of regions with low oxygen have
been associated with climate change (Justic et al. 1996, Stramma et al. 2008, Rabalais et
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al. 2010, Deustch et al. 2011). OMZs are shoaling, affecting shallower bathyal and shelf
communities (Stramma et al. 2008, 2010), and expanding horizontally (Stramma et al.
2012, reviewed in Gilly et al. 2013). This expansion has been attributed to changes in
circulation (Deustch et al. 2005), increased stratification due to an increased salinity
gradient (Sarmiento et al. 1998, Bopp et al. 2002), alterations in wind systems increasing
upwelling (Lovenduski et al. 2008), and decreased oxygen solubility. While global
oceanic oxygen as a whole is decreasing (Whitney et al. 2007, Helm et al. 2011), current
hypoxic and suboxic regions are more susceptible to further oxygen depletion, are more
highly affected by climate change, and are more prone to expansion and contraction than
oxygen rich waters (Deutsch et al. 2011).

Expanding and strengthening OMZs might impede larval exchange or the movement of
adults, potentially isolating gene pools. Inhibition of adult movements through OMZs is
evidenced by disjunct distributions (Vinogradov and Voronina 1962, Saltzman and
Wishner 1997), behavioral and developmental effects of hypoxia on larvae might be
evidence of inhibition of larval movement through OMZs (Widdows et al. 1989, Wang
and Widdows 1991), and genetic and size differences associated with OMZs might be
evidence of segregated genetic populations (Creasey et al. 1997, 2000). Each of these
biotic impacts has the potential to lead to separate gene pools and genetic divergence.
OMZs might isolate gene pools in small, oxygenated refugia surrounded by hypoxic
waters (Jeppson 1990, Armstrong 1996) or in large oxygenated regions separated by
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smaller hypoxic zones (White 1987). Periods of isolation followed by secondary contact
as the OMZ shifts in strength and range might be one evolutionary route leading to the
high biotic diversity of the deep-sea. Alternatively, populations might be diverging along
oxygen gradients associated with OMZs. Divergence has been documented along other
ecological gradients (reviewed in Nosil 2012) but has yet to be examined in association
with OMZs. OMZ expansions and contractions might also impact genetic diversity due
to recurrent biotic range expansions and contractions. Such divergences associated with
changes in biotic ranges have been documented theoretically (Arenas et al. 2012, Pauls et
al. 2013) and empirically (e.g. O’Brien et al. 1987, Rubidge et al 2012, Hellberg et al.
2001) in other systems.

Here we explore the possible evolutionary impact of an OMZ by quantifying patterns of
genetic variation in the wood-boring bivalve, Xylophaga washingtona Bartsch (1921). X.
washingtona has a putative depth range from 20 to 2000 m (Turner 2002), spanning the
OMZ of the eastern North Pacific. Identified and described morphologically, the species
was synonymized with X. californica by Turner (1955). Turner (2002) developed a
grouping mechanism consisting of six morphologically delineated groups for the genus
Xylophaga. Group 5 is the “X. washingtona” group, characterized with a triangular
mesoplax, an excurrent siphon that is truncated near the shell or one half to three-quarters
the length of the incurrent siphon, and cirri that are long if excurrent and if short are
located on folds of the incurrent siphon. Currently the group consists of thirteen species
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ranging from 10 m to 4926 m from the northeast Pacific, western Pacific, northeast
Atlantic, northwest Atlantic, and Gulf of Panama (Voight 2008). The genus Xylophaga is
part of the family Pholadidae which, along with the closely related family Teredinidae,
utilizes intracellular bacterial endosymbionts within bacteriocytes on the gills to ingest
wood (Distel and Roberts 1997). Little research has been carried out on the reproductive
mechanisms of the group, but it is thought that X. washingtona has planktonic larvae
(Voight 2009) that do not rise more than 8 m from the seafloor (Tipper 1968). To assess
gene flow across an OMZ mitochondrial 16S rRNA was sequenced from individuals
sampled above, within, and below the OMZ. Two distinct clades were resolved, one
consisting of individuals spanning the OMZ and the other with individuals from within
and below the OMZ. The clades were not geographically segregated, suggesting depth
related environmental variables, including oxygen concentration or historic isolation,
might be playing a larger role in the divergence than geographic variables.

Methods
Samples
Sixty-five formalin-fixed X. washingtona specimens were obtained from the Museum of
Comparative Zoology at Harvard University to quantify geographic and bathymetric
patterns of genetic variation. All samples were collected from the eastern Pacific by F.
Snodgrass (Turner 2002), J. Muraoka (1965), or R. Tipper (1968) (Fig. 5-1). Samples
were assigned to above, within, or below the OMZ based on depths of the 0.5 mL/L
oxygen threshold from Helly and Levin (2004). Specimens from shallower than 700 m
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were considered above the OMZ, those between 700 m and 1000 m were considered
within the OMZ, and those deeper than 1000 m were considered below the OMZ. Two
frozen and five ethanol preserved specimens of X. washingtona were obtained from Lisa
Levin’s collection at the Scripps Institution of Oceanography to develop species-specific
primers for formalin-fixed samples.

DNA extraction, PCR amplification and Sequence Processing
To develop species-specific primers, genomic DNA was extracted from the two frozen
and five ethanol preserved samples using a QiaAMP Mini Tissue Kit (Qiagen, Valencia,
CA) with the default protocol. Partial 16S ribosomal subunit sequences were amplified
from the frozen and ethanol preserved individuals using universal primers (16SarL: 5’CGCCTGTTTATCAAAAACAT-3’ and 16SbrH: 5’CCGGTCTGAACTCAGCTCATGT-3’) (Palumbi et al. 1991). PCR amplification
reactions consisted of 1X GoTaq flexi buffer (Promega, Madison, WI), 1.2 pmol of each
primer, 2 pmol of dNTP, 1.25 mM BSA, 2.5 mM MgCl, 1 U of Gotaq Flexi polymerase
(Promega), 2 µl genomic DNA template, and molecular grade water to a final volume of
50 µl.

PCR products were checked for the presence of single bands through gel electrophoresis
and outsourced to Agencourt (a Beckman-Coulter company, Beverly, MA) for bidirectional sequencing. The forward and reverse sequences were edited and aligned using
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Sequencher 5.0.1 (Gene Corp. Ann Arbor, MI) and checked by eye. Alignments of
multiple individuals were created using ClustalX (Larkin et al. 2007) in BioEdit and
MacClade (Maddison and Maddison 2005). The Genbank search tool BLAST was used
to ensure these sequences were molluscan and not from the bacterial symbiont. These
sequences were aligned and used to develop Xylophaga-specific primers to use on the
formalin-fixed museum samples because formalin fixation degrades the DNA, which
hampers successful amplification with universal primers (Boyle et al. 2004).

Twenty-three formalin-fixed individuals from above the OMZ, 21 from within, and 21
from below were extracted using a QiaAMP Micro Tissue Kit (Qiagen, Valencia, CA)
with the default protocol preceded by a 96 hour incubation in 180 µl ATL buffer and 20
µl proteinase K at 56 °C. The alignment of 16S rRNA sequences from the frozen and
ethanol preserved specimens was used to create species-specific primers for a 350 bp
fragment. These primers, Xyloph16sF: 5’-GTCKGRCCTGCCCGGTG-3’ and
Xyloph16sR: 5’-AATTCAACATCGAGGTCGC-3’, were used to amplify the fragment
from the formalin-fixed individuals. PCR amplification reactions consisted of 2 U GoTaq
flexi polymerase (Promega), 2 pmol of each primer and of dNTP, 1.25 mM BSA, 2.5 mM
MgCl, 1 x GoTaq flexi buffer (Promega, Madison, WI), 5 µl genomic DNA template, and
molecular grade water to a final volume of 50 µL. The PCR products were checked for
presence of single bands with gel electrophoresis, outsourced to Agencourt for
sequencing, edited and aligned using Sequencher 5.0.1 (Gene Corps. Ann Arbor, MI), and
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alignments of multiple individuals created using ClustalX (Larkin et al. 2007) in BioEdit
and MacClade (Maddison and Maddison 2005).

Genetic Diversity and Tests of Neutrality
Arlequin v. 3.5 (Excoffier and Lischer 2010) was used to calculate basic diversity indices
and test for neutrality. The number of haplotypes, haplotypic diversity, and nucleotide
diversity were calculated. Neutrality was tested using Tajima’s D (p<0.05) and Fu’s Fs
(p<0.02).

Haplotype networks were inferred using statistical parsimony in TCS v. 1.21 (Clement et
al. 2000). The connection limit was set at 95% and decreased incrementally until all
haplotypes were connected.

Phylogenetic Analyses
Phylogenetic relationships were inferred using BEAST v 1.8 (Drummond et al. 2012).
Tracer was used to ensure sufficient burn-in and run time based on ESS estimations of at
least 100. All trees were inferred with a HKY+G+I substitution model based on AIC and
BIC tests in jModelTest (Guindon and Gascuel 2003, Darriba et al. 2012), uncorrelated
lognormal clocks and an MCMC chain of 3 x 107 steps, logging every 1000 trees.
Starting trees were estimated with UPGMA, and a Yule speciation prior was enforced.
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Congeneric Xylophaga 16S rRNA sequences from X. sp1, X. sp6, and X. cf altenai
provided by Takoma Haga were used for outgroups.

We used an AMOVA (Arlequin v. 3.5) to test for genetic divergence among samples
above, within, and below the OMZ. AMOVAs were carried out with stations grouped
based on OMZ (above, within, and below) and geographical location and pairwise among
stations. A Bonferroni correction was enforced to correct for multiple comparisons.

Species Delimitation
Two species delimitation methods were used to test the species status of the two clades
distinguished in the TCS analysis. The Generalized Mixed Yule Coalescent (GMYC)
method (Pons et al. 2006, Fujisawa and Barraclough 2013) utilizes an ultrametric tree to
find the threshold of branching rates between inter- and intraspecific branching events.
BEAST v 1.8 was used to create a tree with all individuals and the three outgroups.
Conditions were as described for the phylogenetic analyses but with a strict clock due to
ambiguities in the tree with all individuals when a relaxed lognormal clock was used.
Both the single threshold and multiple threshold methods were implemented (Fujisawa
and Barraclough 2013).

The Bayesian Poisson tree process (bPTP) (Zhang et al. 2013) delimits species based on a
shift between inter- and intraspecific distances using the number of nucleotide
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substitutions in a Bayesian framework with a Monte Carlo Markov Chain and a
maximum likelihood framework. This analysis assumes the inter- and intra-specific
branching patterns were created by two separate Poisson processes and attempts to find
the threshold between the two models. The tree with a single individual per haplotype
and three outgroups was used. Both models were implemented using the webserver
maintained by the Exelixis lab (http://species.h-its.org/). bPTP was carried out with
100000 MCMC generations and a 10% burn-in.

Results
Sixty-five formalin-fixed individuals were successfully sequenced for a 350 base pair
fragment of the 16S rRNA gene. Eleven haplotypes were distinguished. The most
prevalent haplotype was shared by 28 individuals spanning the OMZ and both geographic
locations. The second most prevalent haplotype was shared by 23 individuals that were
only found within and below the OMZ. The remaining 9 haplotypes were much less
common, with 6 as singletons (Fig. 5-3). Due to the opportunistic nature of the sampling
not all depth-location combinations are represented (Table 5-1).

Genetic Diversity and Tests of Neutrality
Haplotype diversity from stations with three or more individuals varied from 0 to 0.857
and nucleotide diversity ranged form 0 to 0.03. The station with the lowest diversity
indices was above the OMZ, and the highest was from within (Table 5-2). Mean diversity
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did not vary based on depth related to the OMZ for either haplotype or nucleotide
diversity (one-way ANOVA with depth above, within, and below OMZ as factor, p=0.4
and p=0.231 respectively) (Fig. 5-2).

Both Tajima’s D and Fu’s Fs were nonsignificant at all stations, suggesting 16S is neutral.
When pooled by clade based on the haplotype network and phylogeny (see below) Fu’s
Fs was significant for Clade 2 (Table 5-2).

When samples were grouped by above, within, and below the OMZ the ΦCT was not
significant after the Bonferroni correction (ΦCT =0.32, p=0.19) (Table 5-3). ΦCT was also
not significant after the Bonferroni correction when grouped by geography (ΦCT =0.09,
p=0.33) (Table 5-3). Nineteen of the 33 pairwise ΦSTs between depth regimes were
significant, 17 of these reporting very high differentiation (ΦST< 0.7). Four of the 12
pairwise ΦSTs within depth regimes were significant, all 4 reporting very high
differentiation (ΦST< 0.7) (Table 5-4). Low sample size precluded carrying out AMOVAs
within each clade. The pairwise AMOVAs indicated significant and high ΦST for
comparisons within a depth range related to the OMZ and between depth ranges (Table
5-4).

The haplotype network revealed two divergent clades separated by 12 base pair
substitutions (Fig. 5-3). Both clades contained individuals from Oregon and California.
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Clade 1 spanned the OMZ bathymetrically, with 23 individuals above, six individuals
within, and seven below the OMZ. Clade 2 was restricted to within and below the OMZ,
with 15 within the OMZ and 14 below (Table 5-1).

Phylogenetic Analysis
Two clear clades were also apparent in the phylogenetic analysis, with posterior support
of 0.94 and 0.85. One clade contains only individuals that occur within and below the
OMZ, while the other is a mix of all depths. Each clade corresponds to one of the
haplotype groups depicted in the haplotype network (Fig. 5-4).

Species delimitation
The GMYC species delimitation test reported significant likelihood ratio tests for both
the single and multiple thresholds methods (p-values <0.001), rejecting the null
hypothesis that all individuals are from a single species. The single threshold method
delimited 2 clusters with a confidence interval of 2 to 2 and 5 entities with a confidence
interval of 5 to 5 and the multiple threshold method delimited 3 (CI ± 1) clusters and 6
(CI ± 1) entities. Both methods support the two clades as independently evolving entities
but the multiple thresholds method further separates clade 2 into two lineages (Fig. 5-5).

bPTP also delimited the two clades as independently evolving entities. The ML method
reported two groups of X. washingtona corresponding to the two clades, with support
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values of 0.383 and 0.366. The Bayesian method reported 4 X. washingtona groups
corresponding to two from clade 1 and two from clade 2, support values of 0.406, 0.582,
and 0.598, and 0.360 respectively. Support values represent the number of occurrences of
the grouping throughout the model sampling. The estimated number of species was
between 3 and 13 with a mean of 6.66 (Fig. 5-5).

Discussion
Genetic analyses suggest that X. washingtona in the eastern North Pacific is comprised of
two clades separated by 12 substitutions in the 16S rRNA sequence analyzed here. One
of these clades spans the oxygen minimum zone while the other is confined to within and
below it. A phylogeny estimated with individuals from both clades and 14 other
Xylogphaga species (sequences provided by Takoma Haga) grouped the two clades
together, suggesting they are sister lineages despite the large genetic distance between
(data not shown). The clades are not segregated geographically, both include individuals
from southern California and Oregon, and co-occur at depths within and below the OMZ.
These clades might represent gene pools previously isolated during times of increased
hypoxia (historic allopatry), differential abilities of larvae to cope with hypoxia,
maintenance of adult populations through rafting events, and/or differential response to
depth related environmental gradients. If the clades are representative of cryptic species a
thirteenth species will be added to Turner’s (2002) Group 5, defined genetically as
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opposed to morphologically. Although we cannot rule out possible divergence in separate
geographic locations with subsequent range overlap without a broader, more in depth
phylogenetic analysis, the possible divergence related to an OMZ raises important
questions and presents hypotheses about these regions’ role in evolution in the deep sea.

Historical allopatry
The two clades identified from contemporary species delimitation methods are strongly
divergent at the 16S rRNA gene yet are sympatric. It is unclear how divergence
originated given their dispersal abilities and lack of obvious isolating barriers. One
possibility is that the clades represent populations isolated in oxygenated refugia during a
time of increased OMZ strength that came into secondary contact as the OMZ weakened.
This situation has been found frequently in many shallow water and terrestrial sympatric
divergent clades associated with glacial refugia (Hewitt 1999, Alexandrino et al. 2000,
Maggs et al. 2008). Gene pools might have been isolated in large expanses of
oxygenated waters on either side of an oxygen minimum zone or within oxygenated
pockets surrounded by hypoxia (White 1987, Jeppson 1990, Armstrong 1996).

Oxygen minimum zones, including that of the northeast Pacific (Mudalese and Schulz
1997, McKay et al. 2005, Cartapanis et al. 2011), have fluctuated in strength and size
with periods of climatic warming and cooling (von Rad 1995, Reichert et al. 1998,
Cannariatto and Kennett 1999). During the passed 70 ky the OMZ off of California has
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increased in strength in association with deglaciation, warm interstadials, and the
Bølling-Ållerød event, and decreased during cooler stadials (Gardner and Hemhill-Haley
1986, Cannariato and Kennett 1999, Zheng et al. 2010, Cartapanis et al. 2011, Ohkushi et
al. 2013). Interstadials are times of increased global temperatures with associated
changes in ocean productivity. The Bølling-Ållerød event was an interstadial during the
last glacial period and occurred from 14,700 to 12,700 bp. Based on foraminiferan
assemblages the OMZ core shoaled and had a deeper lower limit than present day during
interstadials 16/17, 14, 11, and 8, the Bøllinger-Ållerød event, and the early Holocene
(Cannariato and Kennett 1999). The increase in strength and range has been attributed to
decreased ventilation by North Pacific Intermediate Water (NPIW) (Cartapanis et al.
2011), decreased oxygen content of NPIW (Crusius et al. 2004), and increased
productivity due to increased upwelling (Dean et al. 1997, MacKay et al. 2005,
Cartapanis et al. 2011). Evidence from laminated sediments suggest a strengthened OMZ
from the last deglaciation to the early Holocene, which slowly weakened beginning about
5000 years bp to the present state (Gardner and Hemphill-Haley 1986). Increased
strength of the OMZ would present harsher conditions for survival within it, precluding
taxa able to withstand contemporary conditions. Based on a molecular clock for 16S
rRNA developed for Limatula bivalves (Page and Linse 2002) the two clades diverged
between 30 my and 42 my based on all substitutions or between 10 my and 14 my based
on just transversions. If increased OMZ strength led to the divergence of these clades
and OMZ strength has fluctuated with climatic warming and cooling earlier than the last
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70 ky we would expect at least one of these time intervals to coincide with a warm
period. The intervals, though, are both periods of climatic cooling, the first following the
Early Eocene Climatic Optimum and the second the Mid-Miocene Climatic Optimum
(Zachos et al. 2001). The regular intervals of OMZ strengthening and weakening suggest
the potential for multiple rounds of gene pool isolation during times of increased dysoxia,
followed by secondary contact under increased oxygen, such as exist now, but the timing
of the divergence suggests either a different mechanism is disrupting gene flow between
the clades or the species used to develop the molecular clock are to distantly related to
Xylophaga to give an accurate estimate.

Hypoxic effects on larvae and rafting
Another possible mechanism underlying the genetic structure is the larvae’s inability to
cope with hypoxic conditions despite adults’ tolerance. Hypoxia affects larval
development, movement (Widdows et al. 1989, Wang and Widdows 1991), and settling
ability (Baker and Mann 1991) and may hamper gene flow through the OMZ even if the
adults are tolerant of hypoxic conditions. Adult populations tolerant of the hypoxic
conditions within the OMZ can be maintained through rafting on the wood in which they
live, or hitchhiking, similar to long distance hitchhiking of shallow-water invertebrates
(Helmuth et al. 1994, Kano et al. 2013) and colonization of hydrothermal vents
(Mullineaux and France 1995). In this manner adult populations would be maintained
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within the OMZ but gene flow would be restricted because any larvae spawned in the
hypoxic conditions would not survive.

Environmental gradients with depth
Many environmental gradients are associated with increased depth and might singly or in
combination affect the viability of adults or their larvae. Among the gradients with the
greatest potential to impact species ranges and divergence are temperature and
hydrostatic pressure. Differential tolerance to thermal stress can occur intraspecifically
(Fangue et al. 2007) and interspecifically (Stillman and Somero 2000, Somero 2002) and
appears to affect bathymetric zonation (Somero 2002). Due to similar molecular and
cellular effects of decreased temperature and increased pressure (reviewed in Brown and
Thatje 2014) populations and species might also adapt to specific hydrostatic pressure
regimes. Low temperatures induce increased protein chaperoning (Place and Hofman
2005, Schmid et al. 2009) in response to disrupted protein structure (Kunugi and Tanaka
2002, Marqués et al. 2003) and decrease membrane fluidity and function (Hazel 1995).
Hydrostatic pressure also impacts protein structure (Gross and Jaenicke 1994, Mozhaev
et al. 1996, Boonyaratanakornkit et al. 2002, Winter and Dzwolak 2005), membrane
fluidity (MacDonald 1984), biochemical processes (Siebennaller and Somero 1978,
Siebennaller 1984, 1987, Gibbs and Somero 1989, Stevens and Siebenaller 2000,
Siebennaller and Garrett 2002, Siebenaller 2003), and larval development and behavior
(Young et al. 1997, Tyler and Young 1998, Tyler et al. 2000, Villalobos et al 2006, Mestre
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et al. 2009). The deleterious effects of high hydrostatic pressure to adult respiration
(Brown and Thatje 2011) and larval and embryonic development (Tyler and Young 1998,
Tyler et al. 2000, Villalobos et al. 2006, Mestre et al. 2009) are mitigated and lessened by
increased temperature. Respiration of earlier life stages acclimated to colder
temperatures, though, is less impacted by increased hydrostatic pressure (Smith and
Thatje 2012), suggesting the response to the combination of different thermal and
pressure regimes shifts throughout a life cycle, or differs between species. The combined
effects of hydrostatic pressure and temperature appear to play a complex role in
bathymetric range limits (Sébert 2002, Brown and Thatje 2011, 2014), and might affect
X. washingtona.

Divergence along ecological and environmental gradients, referred to as ecological
speciation (Nosil 2012), plays an important role in population divergence and speciation
in a variety of ecosystems (Tobler et al. 2008, Vonlanthen et al. 2009, Nosil 2012, Shafer
and Wolf 2013) and is likely to be equally important in the deep sea. This type of
divergent selection can result in larvae that are adapted to a specific ecological regime
and are not viable outside of it, leading to inhibition of gene flow between regimes.
Divergence and speciation associated with such varied factors as different predator
regimes (Langerhans et al. 2007), hydrogen sulfide regimes (Plath et al. 2013), and
responses to the interaction of precipitation and salinity (Dennis and Hellberg 2010) have
been attributed to ecological speciation. Environmental gradients have been suggested to
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drive depth related divergences in the deep sea as well (e.g. France and Kocher 1996,
Chase et al. 1998, Etter et al. 2005, Jennings et al. 2013, Quattrini et al. 2013, Glazier and
Etter 2014), particularly those that attend changes in depth such as hydrostatic pressure
and oxygen availability. The increasing number of findings of genetic divergences
associated with depth suggest such environmental factors might be important
evolutionary forces in the deep sea.

Cryptic species in the deep-sea
The two clades of X. washingtona reported here represent the first documentation of
genetically distinct evolutionary lineages associated with an OMZ. The low support for
the species delimitations in bPTP and the large confidence interval of potential species in
GMYC is likely due to the use of a single locus. This locus may not contain enough
information to delimit the species with higher support, while the addition of more
independent loci would provide a clearer picture of the amount of divergence between the
clades.

Visual inspection of individuals from the two clades did not reveal any clear
morphological divergence. X. washingtona was originally described in 1923 based on
morphological characters. Turner’s (2002) higher grouping system was based on
morphological characters, namely the mesoplax, siphon, and cirri morphology, and
placed the Xylophaga species in six groups. Group 5 is the “X. washingtona” group,
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which originally consisted of nine morphologically similar species. Voight (2007) and
Voight (2009) described one and two new species respectively that share morphological
characteristics with this group. The splitting of X. washingtona into two cryptic species
would add a thirteenth species and would represent the first genetically defined addition.

The discovery of morphologically indistinguishable, yet genetically distinct, lineages
such as these has become common in the deep-sea with the increased use of genetic
analyses. Cryptic species and species complexes have been associated with
environmental gradients that attend changes in depth, (Zardus et al. 2006, Brandão et al.
2010, O’loughlin et al. 2011, Jennings et al. 2013, Glazier and Etter 2014), geography
(Brandão et al. 2010), differential reproductive timing (Brandão et al. 2010), currents
(O’loughlin et al. 2011), historic refugia (O’loughlin et al. 2011, Hemry et al. 2012) and
environmental heterogeneity (Knox et al. 2012). Sympatric cryptic species have been
found in amphipods (Baird et al. 2011) and assellote isopods (Raupach and Wagele 2006,
Raupach et al. 2007) and have been associated with niche separation (Baird et al. 2011),
competitive exclusion (Baird et al. 2011), prey specialization (Baird et al. 2011), and
historical refugia followed by secondary contact (Hemry et al. 2012). The strong
prevalence of morphologically similar yet genetically distinct lineages suggests deep-sea
biodiversity has been underestimated and geographic and bathymetric distributions
overestimated.
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Restrictions of single locus datasets and formalin-fixed samples
The use of formalin-fixed individuals precluded multilocus analyses due to the
crosslinking of DNA (Humason 1979), which inhibits the amount and quality of DNA
that can be extracted (Shedlock et al. 1997, Lehmann and Kreipe 2001, Schander and
Halaynch 2003, Boyle et al. 2004, Bucklin and Allen 2004, Gilbert et al. 2007, Skage and
Schander 2007, Scatena and Morielle-Versute 2008), constraining analyses to small
fragments of mitochondrial DNA. Patterns of genetic variation in the mtDNA, and
inferences based on those patterns, may differ from nuclear loci due to the smaller
effective population size (Wilson et al. 1985, Moore 1995, Barrowclough and Zink 2009,
Jennings et al. 2013). Incongruence between loci is common due to incomplete lineage
sorting, introgression, maintenance of ancestral polymorphism, and hybridization
(Maddison and Knowles 2006, Knowles and Carstens 2007, Degnan and Rosenberg
2009). Although multiple loci provide a more rigorous test of phylogeographic
hypotheses, a single locus can be insightful, especially in the deep sea where sampling is
difficult and expensive.

Conclusion
We found clear genetic divergence in 16S rRNA between two clades of X. washingtona.
One clade is distributed throughout the oxygen minimum zone while the other is
restricted to depths within and below. There are many possible underlying mechanisms
that might account for the observed divergence including the effects of hypoxia on
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developing larvae or historically isolated refugia. The expansion of OMZs with climate
change will likely impact shallower depths, and alter ranges of both hypoxia tolerant and
intolerant species, with associated ecological and genetic implications. They will become
an increasingly important factor in the divergence and evolution of both deep-sea and
shallow-water organisms as they increase in range and strength, and shoal to shallower
depths. The results presented here suggest the OMZ in the northeast Pacific might be
impacting species ranges and gene flow in the deep sea and might be one of the
underlying mechanisms contributing to the high biodiversity in this unique environment.
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Figure 5-4 Phylogeny and bPTP Results
0.02
Phylogeny estimated in BEAST v. 1.8 from 16S rRNA sequences. Two well supported clades were resolved. Pie charts represent number of individuals
sharing the haplotype, the smallest corresponding to a single individual. Colors of the pie charts correspond to depth related to OMZ. Posteriors greater
than 0.5 are reported in black on branches. Maximum likelihood supports from bPTP species delimitation are reported in green and bayesian supports in
purple. Branch lengths are proportional to substitutions per site.
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CHAPTER 6

EVIDENCE OF POSITIVE SELECTION IN COMPARISONS OF MITOCHONDRIAL
GENOMES OF DEEP-SEA AND SHALLOW-WATER SPECIES

Introduction
Mitochondrial loci are regularly used to evaluate population genetic structure and
phylogeographic patterns with the assumption that they are free of adaptive selection.
However, many recent studies have reported evidence of selection on the mitochondria,
frequently associated with different environmental regimes (Fontanillas et al. 2005,
Balloux et al. 2009, Hassanin et al. 2009, Scott et al. 2011). In fact it has been suggested
that genetic diversity of mitochondrial DNA is governed by repeated rounds of adaptive
selection and genetic draft (Bazin et al. 2006). Selection on functionally important
mitochondrial genes might allow adaptation to unique niches and habitats due to different
cellular energetics and tolerance to different environmental pressures but might bias
phylogeographic and population genetic studies that assume they are free of such
selection.
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The mitochondrion is the cell’s main producer of energy and the genes encoded by it are
integral to the oxidative phosphorylation system (OXPHOS). It encodes thirteen protein
subunits, two ribosomal subunits, and twenty-two tRNAs. Seven of the thirteen encoded
proteins are subunits of the NADH complex, three are cytochrome oxidase subunits, two
are ATP synthases, and one is cytochrome b. The OXPHOS is comprised of five
complexes, all of which are formed by both mitochondrial and nuclear encoded proteins
except Complex II, which is completely nuclear-encoded. Due to the importance of these
proteins, they are thought to be under strong purifying selection (Rand 2001, Bazin et al.
2006) maintaining their functional integrity.

However, evidence of positive selection has been repeatedly reported in the
mitochondrially encoded OXPHOS proteins (e.g. Bazin et al. 2006, Oliver et al. 2010,
Foote et al. 2011, Morales et al. 2015), frequently associated with different ecological and
environmental regimes. Garvin et al. (2014) compiled and reviewed studies of selection
on mitochondrial genes. Of the 47 studies discussed, 25 detected non-neutrality or
positive selection and proposed a hypothesis relating the selection to an environmental
influence (Garvin et al. 2014 Table 1). Positive selection has been associated with a wide
variety of environmental factors, including temperature (Willett and Burton 2004, Yu et
al. 2011, Morales et al. 2015), precipitation (Morales et al. 2015), exposure to pack ice
(Foote et al. 2011), latitudinal “pace of life” (Stager et al. 2014), and differences in
energetic requirements (Zhang and Broughton 2013, Strohm et al. 2015).
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Shallow marine and deep-sea habitats are very different in physical, biological, and
hydrographic features and might present different selective regimes on the respective
biota. The physical environment of shallow water is characterized by changing
temperatures with depth, time of day, and season, dissolved oxygen concentrations that
can change daily or seasonally, and salinity concentrations that can change seasonally. In
contrast, temperatures in the deep sea are relatively constant, dissolved oxygen
concentrations are at or near saturation except in oxygen minimum zones, and salinity
concentrations are relatively constant (reviewed in Gage and Tyler 1991). Shallow water
systems have greater biomass and abundance of individuals than the deep sea, as well as
greater abundance of larger size classes (Rex and Etter 2010). These broad
generalizations for both environments are not always true (for example hydrothermal
vents are deep-sea features with very high, variable temperature and nutrient regimes
distinct from most of the rest of the ecosystem) but highlight some key contrasts between
the two. The organisms within each ecosystem are therefore influenced by very different
environmental factors that might impact mitochondrial function or structure, cause
selection on the mitochondrial genome and adaptation to the deep sea or shallow water
habitat.

Positive selection on mitochondrial loci has been detected within deep-sea taxa (e.g. Peek
et al. 2000, White et al. 2010) but no studies have specifically investigated selection on
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mitochondrial genes between shallow and deep species. To better understand how
differences in shallow marine and deep-sea environments might influence the
mitochondria, mitochondrial genomes of teleost fishes, brachyuran crabs, and caridean
shrimp were compared. Shallow-water and deep-sea species were compared in each
taxonomic group to test for positive selection. These groups were selected because they
are prevalent in the deep sea, have been extensively studied (a JSTOR search with
keyword “deep-sea” and “teleost,” “brachyuran,” or “caridean” retrieved 786, 372, and
246 hits respectively), and mitogenomes are available from various genera in each taxon.
The species span a wide range of habitats within shallow water and the deep sea,
encompassing diverse environmental conditions, life styles, and ecological niches in an
attempt to avoid confounding factors of other environmental forces that might act as
selection agents. This was not always possible, though, due to the opportunistic nature of
the sampling and reliance on previously sequenced mitochondrial genomes, which were
sequenced with different goals in mind. The deep-sea shrimp species, for example, are
all vent animals, thus any signal of selection could be to the deep-sea environment or to
the vent environment. However, comparing these varied species still provides insight
into evolutionary forces acting on mitochondrial loci.

Methods
Sequence Acquisition and Alignment
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Whole mitochondrial genome sequences were downloaded from Genbank (http://
www.ncbi.nlm.nih.gov). Target taxa were chosen based on availability of related
mitogenomes from shallow-water and deep-sea species. The goal was to use multiple
paired species within each taxonomic group, one from shallow depths and one from deep,
but given the opportunistic nature of the sampling and the goals and purposes of the
original studies that obtained the sequences this was not always possible.

Whole mitogenomes were aligned for each taxonomic group using MUSCLE (Edgar
2004) and were visualized with MacClade (Maddison and Maddison 2005). This
complete alignment was used to estimate a phylogeny as described below. Individual
alignments were created for each of the thirteen protein coding genes (ND1, ND2, ND3,
ND4, ND5, ND6, ND4L, ATP6, ATP8, COI, COII, COIII, and cytb) for analyses of
selection. To create alignments the sequence of interest was located within the original
whole mitogenome sequence of each species. The rest of the mitogenome was trimmed
off and the sequence of interest was aligned with those of the other taxa using Muscle and
MacClade.

BEAST vers. 1.80 (Drummond et al. 2012) was used to resolve a phylogenetic tree for
each respective taxonomic group using the whole mitogenome alignments. A speciation:
Yule Process tree prior was enforced for each group with an uncorrelated relaxed
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lognormal clock and a GTR + Γ + invariant substitution model based on jModelTest
analyses. Runs were carried out for 2.5 x 107 steps.

Genetic Distance and Substitution Saturation
Pairwise genetic distances among species within each taxonomic group were estimated
using MEGA vers. 5 (Tamura et al. 2007). These analyses were carried out with the
Kimura 2-parameter model and pairwise deletions of gaps. Distances within the shallow
and deep groups, between the shallow and deep groups, and for all comparisons within
depth regime were tested for normality with the Shapiro-Wilk test. Each comparison was
tested for homogeneity of variance with the Levene test. Based on these tests of
assumptions a parametric t-test or nonparametric Mann-Whitney-U test was carried out to
determine if genetic distances varied among groups. These tests were carried out in R
vers. 3.0.2.

Substitution saturation was assessed in Dambe vers. 6.4.2 (Xia 2013), which implements
an analysis described by Xia et al. (2003). This analysis tests the hypothesis that the
observed entropy at each site related to the distribution of nucleotide frequencies is
significantly less than the maximum entropy when full substitution saturation is apparent
at the site (Xia et al. 2003). These tests were carried out for the third position of each
locus within each taxonomic group. This analysis estimates a maximum level of
saturation based on nucleotide frequencies and tests if the observed level of substitution
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equals the maximum. The null hypothesis is that the two are equal, so a significant test
suggests a lack of substitution saturation.

Tests of Selection
Each of the thirteen proteins encoded by the mitochondria was analyzed individually for
evidence of positive selection within each taxonomic group. MEGA vers. 5 (Tamura et al.
2007) was used to estimate the relative abundance of nonsynonymous (dN) and
synonymous (dS) substitutions. A Z-test was used to test the null hypothesis dN = dS and
the alternative hypotheses Ha: dN ≠ dS, dN > dS, and dN<dS. The numbers of synonymous
and nonsynonymous substitutions were estimated using the modified Nei-Gojobori
method (Nei and Kumar 2000) and the variance estimated by bootstrapping. This was
carried out for the fish, crab, and shrimp species respectively for all sequences together
and pairwise. The proportions of significant interdepth and intradepth comparisons were
found for each gene and each alternative hypothesis.

TreeSAAP vers. 2.2 (Woolley et al. 2003) was used to test for alterations in the
physicochemical properties of amino acids of each gene. This program uses a protein
coding sequence alignment and a phylogeny provided by the user to detect changes in the
amino acid properties on each branch. The hypothesis that physicochemical properties
change through neutral evolution is tested and the deviation from neutrality reported, the
larger the deviation from neutral the greater the intensity of selection. The magnitude of
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deviation is given a score from conservative (1) to radical (8). Higher scores are
considered evidence of strong positive selection. These analyses were carried out
pairwise for each gene individually for each taxonomic group. Changes in
physicochemical properties with scores of 6 or higher were quantified and are reported.
Normality was tested for total number of strong physicochemical changes for intradepth
and interdepth comparisons within each taxon with the Shapiro-Wilk Normality test,
equality of the distributions was tested with the Kolmogorov-Smirnov test, and
heteroskedasticity was tested with Levene’s test. If these assumptions were met t-tests
were carried out for each taxon to determine significant differences in the mean number
of physicochemical changes with scores ≥ 6 between intradepth and interdepth
comparisons. If the Shapiro-Wilk test suggested normality violations a nonparametric
Mann-Whitney-U test was carried out. Statistical tests were conducted in R vers. 3.0.2.

Results
Sequence Acquisition, Alignment
Three taxonomic groups were selected. Three shallow and four deep caridean shrimp
were selected, five shallow and three deep brachyuran crabs, and seven shallow and
seven deep teleost fishes (Table 6-1).

All phylogenies were resolved with high support. The deep-sea crab and shrimp species
grouped within their respective phylogenies. One deep-sea fish clade was apparent as
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well, with three species, and another with two. The other two species grouped with a
shallow species (Fig. 6-1).

Genetic Distances and Tests of Substitution Saturation
The distribution of genetic distances of crabs within the shallow group, for all
comparisons within depth regimes, and inter-depth were significant for the Shapiro-Wilk
test of normality. The distribution of distances among deep species was non-significant.
All tests of homogeneity of variance were non-significant in the crabs. The
nonparametric test was carried out for all comparisons among groups within the crabs
and none were significant (Fig. 6-2). All genetic distances of the shrimp were significant
for the Shapiro-Wilk test except the inter-depth distances. The comparisons between the
intra-shallow distances and inter-depth, and intra-deep distances and inter-depth were
nonsignificant for Levene test. Nonparametric tests were carried out for all comparisons
and all were significant except between inter-depth distances and all intra-depth (Fig.
6-2). All genetic distances of the fish were significant for the Shapiro-Wilk test except
inter-depth and intra-shallow species. All comparisons were non-significant for
homogeneity of variances. Nonparametric tests were carried out for all comparisons
except between inter-depth distances and intra-shallow. All comparisons were nonsignificant (Fig. 6-2).
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Tests of substitution saturation were significant for crab ATP8 and ND6, shrimp ATP8,
COI, ND3, ND4, ND4L, and ND5, and fish ATP6, ND1, ND2, ND3, ND4, ND4L, and
ND5, suggesting a lack of saturation at these loci (Table 6-2).

Tests of Selection
Purifying selection was more prevalent than positive selection from the MEGA analyses.
The crab analyses found comparisons within depth regime and between depth regime to
be under purifying selection for all 13 genes except ND4L, ND5, COI, and COII.
Positive selection was apparent in each of these genes, with a higher frequency of
significant interdepth comparisons than intradepth comparisons in ND4L and ND5 (Fig.
6-3a). Shrimp pairwise comparisons reported purifying selection for ND2, cytb, COI,
and COII. No selection was apparent for COIII and a higher frequency of significant
interdepth comparisons under positive selection than intradepth were reported for ND4,
ND5, and ND6 (Fig. 6-3b). Positive selection was evident in all genes except ND5, ND6,
cytb, and ATP8 for the fishes. A higher frequency of significant interdepth comparisons
than intradepth was reported for all of the genes under positive selection except ND1,
ND4L, COI, COII, and COIII (Fig. 6-3c).

The total number of strong (≥6) physicochemical alterations in pairwise comparisons of
crab, shrimp, and fish respectively were 1530, 1030, and 1526. The physicochemical
properties with the greatest number of changes within each group were buriedness,
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solvent accessible reduction ratio, and equilibrium constant respectively and the gene
with the greatest number of changes was ND5 for both crab and shrimp and ND6 for fish.
Nonparametric tests were carried out for all the comparisons for the crabs except ND4
and ND5 due to significant tests of assumptions. ND3 was the only gene that had
significantly more radical physicochemical changes in comparisons between depths than
within depth. Parametric t-tests were carried out for ATP6, COI, cytb, ND2, ND4, ND5,
and ND6 for the shrimp and nonparametric tests were carried out for ATP8, COII, COIII,
ND1, ND3, and ND4L due to significant tests of assumptions. COIII and ND1 had
significantly more radical physicochemical changes in pairwise comparisons between
depth groups than within depth groups. Nonparametric tests were carried out for all
genes for fish due to significant tests of assumptions. Significantly more radical
physicochemical changes were found in cytb and ND4L between depth regimes than
within (Table 6-3). Total number of strong pairwise physicochemical changes between
depth regimes is reported in Figure 6-4 for each of the proteins with significantly more
between depth changes than within depth.

Discussion
The shallow-water and deep-sea environments are incredibly different physically and
biotically with myriad factors that might facilitate adaptation and selection between them.
Evidence of positive selection on mitochondria was detected between shallow-water and
deep-sea crab, shrimp, and fish species. Differences in hydrostatic pressure, nutrient
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input, temperature, and biotic effects are just a few of the many possible differences
between the two ecosystems that might affect the mitochondria and lead to adaptation.
The tests presented here were not directional so conclusions about which environment
imposed the selection were not possible but these results suggest any use of
mitochondrial loci as neutral markers, both within and between depth regimes, should be
thoroughly investigated.

One of the most prominent physical gradients in the ocean is the increase in hydrostatic
pressure with depth. High hydrostatic pressure causes structural deformations of the
mitochondria such as abnormal cristae (Ju et al. 2007), an overall swelling (Elgasim and
Kennick 1982), and elongation (Fernandes et al. 2001). It can also lead to mitochondrial
destruction (Wattiaux-De Coninck et al. 1980, Fernandes et al. 2001, Ju et al. 2007).
Functionally, high hydrostatic pressure affects the rate of oxygen consumption, the ATP
and AMP content of the cell, and the activity of Complex II and IV of the OXPHOS
(Sébert et al. 1993). Mitochondria acclimated to high pressure have more efficient
respiratory chains and OXPHOS due to a reduction in electron transfer potential and
enhanced COX activity, which leads to a decrease in electron leakage (Sébert et al. 1993).
Some nuclear encoded proteins of deep species have been found to be less pressure
sensitive than those of shallow water relatives as well (Siebennaller and Somero 1978,
Swezey and Somero 1982, 1985, Siebennaller 1984, 1987, 2003, Gibbs and Somero
1989, Stevens and Siebenaller 2000, Siebennaller and Garrett 2002, Morita 2003).
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Similar differences might be apparent in the energetic machinery with corresponding
selection on the mitochondrial DNA of shallow and deep species, facilitating life in the
different hydrostatic environments.

Alternatively, positive selection on mitochondria might be related to differences in
nutrients in deep-sea and shallow-water habitats. In contrast to shallow-water
environments, most deep-sea habitats are nutrient poor due to a reliance on surface
primary production, the exceptions being hydrothermal vents and seeps, which have very
unique nutrient regimes. Therefore, if nutrient limitation impacts mitochondria,
adaptation in the mitogenome might have been required to cope with such stress. An
increase in the ratio of ATP produced per calorie consumed has been reported with
limited nutrient availability and increased mitochondrial ATP synthesis capacity with
starvation (Liesa and Shiriai 2013), indicating that nutrient availability affects
mitochondrial functioning. The composition of the diet has also been shown to impact
mitochondrial function (Jungermann 1986) and structural changes of the mitochondria
were associated with differences in nutrient availability (Liesa and Shirihai 2013). Some
haplotypes might be more robust to starvation (Ballard et al. 2007, Drovetski et al. 2012)
or have an adaptive advantage in different environments related to impacts on
mitochondrial bioenergetics by differences in macronutrients (reviewed in Aw and Young
1989, Ballard and Younsen 2015). The positive selection detected in the mitogenomes

!208

here might similarly be in response to the different nutrient regimes of the very different
habitats.

Temperature also varies drastically between shallow and deep habitats. While the
temperature in the deep sea is generally cold and relatively constant, except at
hydrothermal vents and seeps and in the Mediterranean, Red and Sulu seas (Yasuhara and
Danovaro 2016), it might fluctuate greatly in shallow water. The difference in
temperature between the two habitats is large in low latitudes and small to nonexistent in
isothermal high latitudes and the Mediterranean, Red, and Sulu Seas. These very different
thermal regimes might require adaptation of the energetic machinery to cope with the
variability or the cold. Decreased metabolism (Portner et al. 1999, White et al. 2011) and
respiration rates (Portner et al. 1999, Abele et al. 2002, 2007, White et al. 2011) have
been linked to colder temperatures but metabolism has also been found to be higher in
cold-adapted species than shallow water relatives (Crockett and Sidell 1990). SubAntarctic and high-Antarctic notothenioid fish show adaptation to specific thermal
regimes, as optimal oxygen consumption increases above 0 degrees in high-Antarctic
species and above 3 to 6 degrees in sub-Antarctic (Mark et al. 2005). Also, signatures of
selection in human mitochondrial DNA have been linked to different climate and thermal
regimes (Mishmar et al. 2003, Ruiz-Pesini et al. 2004, Balloux et al. 2009), and two nonsynonymous mutations were correlated with temperature (Balloux et al. 2009). Analysis
of a phylogeny of human mitochondrial DNA indicated fewer nonsynonymous
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substitutions on internal branches of populations from warmer climates than on those of
colder climates, suggesting adaptive selection was required to invade the colder
temperatures (Ruiz-Pessini et al. 2004). The positive selection detected here might
represent a similar selection for the colder temperatures of the deep or the variable
temperatures of the shallower depths.

Along with the differences in the physical environment, the biotic environments of the
shallow and deep sea are very different. Species diversity (Rex 1981), biomass (Rex et
al. 2006), size structure (Rex et al. 2006), and zonation (Olabarria 2005) all decrease with
depth. This might cause a decrease in species interactions and subsequent changes in
respiration and metabolism that require mitochondrial adaptation. Higher respiration
rates (Slos and Stoks 2008) and lower metabolic rates (Barry and Syal 2013, Handelsman
et al. 2013) were detected with increased risk of predation and presence of predator
chemical cues, which might be less prevalent in the deep sea with the decreased biomass.
Similarly, it might be argued that predators use more energy in searching for prey in the
deep and that prey in shallow waters require more energy than in the deep due to
increased risk of predation. Mitochondrial adaptation might be associated with such
locomotive requirements and capacities as evidence of selection on mitochondrial DNA
has been linked to low or high performance swimming fishes (Zhang and Broughton
2015) and the evolution of bat flight (Shen et al. 2010). Similarly, a decrease in
respiration and metabolism was detected with depth in visually orienting predators in the
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deep sea related to a relaxation in the need for rapid locomotion in the absence of light
(Seibel et al. 2000, Seibel and Drazen 2007). Biotic interactions and locomotion thus
appear to impact mitochondrial requirement and might result in selection to the different
biotic environments of shallow and deep water.

Confounding factors and conflicting results
Numerous studies have detected positive selection on the mitochondrial genes of the
oxidative phosphorylation system, particularly those in Complex I (Castoe et al. 2008,
Aw et al. 2011, Garvin et al. 2011, 2014, Tomasco and Lessa 2011, Stager et al. 2014,
Morales et al. 2015) and Complex III (Tomasco and Lessa 2011, Teacher et al. 2012,
Garvin et al. 2014, Stager et al. 2014, Morales et al. 2015). These studies related the
selection to both biotic and abiotic factors: food availability (Garvin et al. 2014),
starvation resistance and physical activity (Aw et al. 2011), temperature and salinity
(Teacher et al. 2012), colonization of a subterranean habitat related to hypoxia (Tomasco
and Lessa 2011) and larger prey (Castoe et al. 2008), and the evolution of flight (Shen et
al. 2010). Complex I is the NADH dehydrogenase and is composed of the NADH
subunits. Complex III is the cytochrome c reductase and contains the cytb subunit. Both
Complex I and III showed evidence of positive selection in TreeSAAP analyses of the
fish species, Complex I in the crabs, and Complex I and IV in the shrimp. Pairwise Zscores reported evidence of purifying selection on Complex III for the fish species
though. Positive selection was evident in all subunits of Complex I for fish except ND5
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and ND6, which showed purifying selection. Most subunits of Complex I of the crab
species showed evidence of purifying selection except ND4L and ND5, and most showed
positive selection for the shrimp species except ND2 and ND3.

The results of positive selection within these complexes align with results of previous
studies reporting positive selection in related genes of the same complexes but results
from the Z-scores and the t-tests from the TreeSAAP analyses at times contradict each
other. Conflicting results may be due to different statistical approaches of each analysis.
The TreeSAAP analysis examines physicochemical changes at each codon while the Zscore reports on the gene as a whole. Consequently, the Z-scores give an overview of
selection on the gene while the TreeSAAP analysis provides more focus on regions of the
gene that might specifically be under adaptive selection. Given the functional constraints
on these genes it is likely most of the sequence is neutral or under purifying selection,
overshadowing the few regions adapted to the different habitats in an analysis of the
whole gene.

Overall, these results indicate that positive selection is apparent between deep-sea and
shallow-water species. However, a number of unavoidable confounding factors
complicate drawing conclusions based on these results. Comparisons of coding loci
between distantly related species such as those examined here are frequently plagued by
substitution saturation, which might impact phylogenetic and evolutionary inferences.
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Substitution saturation was apparent in the loci examined and may have influenced the
tests of selection due to chance fixation of nonsynonymous substitutions over the long
evolutionary time since the species diverged. However, regardless of the evolutionary
substitution route, nonsynonymous substitutions are apparent and might have structural
or functional impacts whether due to selection acting on the mitochondria or chance
fixation over time.

The species analyzed were selected with the intent to span a large diversity of habitats
and lifestyles but given the opportunistic nature of the sampling and reliance on
previously sequenced mitogenomes this was not always possible. The shrimp species, for
example, were all hydrothermal vent shrimp and the signal of positive selection might be
related to the deep sea, to the hydrothermal vent environment, or both. The species were
also selected with the intent to pair shallow and deep sister species but this too was not
always possible and differences between intra- and inter-depth comparisons might be due
to closer taxonomic relationships in intra-depth comparisons. Tests comparing mean
genetic distance of the different groupings reported significant differences between
means of the shrimp, indicating differences in phylogenetic relationships might have
impacted tests of selection.

Further, none of the analyses carried out were directional in relation to habitat, so
inferences about selection between depth regimes were possible but relative to
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specifically shallow or deep water were not. A more telling and rigorous investigation of
the hypothesis analyzed here would be to sequence closely related shallow and deep
species from a variety of taxonomic groups with the express intent to analyze patterns of
selection instead of relying on mitogenomes sequenced for other purposes. Given the
inaccessibility of the deep sea and the large financial and time investment that such a
study would entail these results are presented as an initial investigation to determine the
prevalence of positive selection in the mitochondria between shallow-water and deep-sea
species.

The mitochondrial genome provides an interesting venue to investigate adaptive selection
because of its functional importance yet it should be remembered that this represents a
single representation of the evolutionary history of the species. Mitochondria are
inherited as a whole unit, generally maternally, and lack recombination. Therefore
selection on one locus might impact a different locus. This might lead to false positives
in tests of adaptive selection. For this reason the tests presented here should be viewed as
tests on a single locus but focused in on certain regions of that locus. Conclusions can be
drawn about selection on the mitochondrial genome as a whole but those about particular
loci within the mitochondrial genome should be taken as informative but tentative.

Conclusion
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Adaptive selection of the mitochondria might play a very important role in evolution to
and survival in different habitats. The deep sea is characterized by many unique
environmental pressures that might impose selection on the cell’s energetic machinery.
Evidence of positive selection was apparent between shallow and deep-water fish, crab,
and shrimp species analyzed here yet contradictory results and confounding factors
hinder the drawing of hard conclusions. The analyses and results are presented as
hypotheses and first steps for future investigations of adaptive selection to the deep-sea
environment. Given the limitations positive selection was evident in the mitochondrial
genomes analyzed, suggesting the cell’s energetic machinery is under selection in
different environmental regimes and that this selection might bias any phylogenetic study
utilizing these loci.
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Figure 6-2 Pairwise Genetic Distances
Pairwise genetic distances estimated in MEGA vers. 5.0. for within shallow and deep comparisons, all within
depth comparisons, and between depth comparisons. P-values of tests of assumptions for comparisons of
means and tests of equality of means are reported. All comparisons of means are Mann-Whitney-U nonparametric tests except for fish within shallow compared to between shallow and deep which is a t-test. (a) Crab (b)
shrimp (c) fish. Error bars represent variance estimated by bootstrapping. Significant tests are bold.
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CHAPTER 7

CONCLUSION

The deep sea is far more biotically diverse than once believed. Despite much recent
progress in understanding the evolutionary origins of this diversity many questions
remain. This dissertation examined a few of the many potential factors that might isolate
gene pools, foster population differentiation, and facilitate the evolution of this unique
fauna. The habitat is integral in biogeochemical processes (Jahnke and Jackson 1992,
Archer and Maier-Reimer 1994, Ragueneau et al. 2000) and is increasingly impacted by
anthropogenic effects and climate change (Roberts 2002, Smith et al. 2009, RamirezLlodra et al. 2011). Therefore a thorough understanding of genetic patterns and
evolutionary processes in it is necessary.

The faunal diversity of the deep sea rivals that of shallow water systems (Etter and
Mullineaux 2001) yet estimates of biodiversity might be drastic underestimates as
discoveries of cryptic species are common (e.g. Vrijenhoek et al. 1994, France and
Kocher 1996, Moura et al. 2007, Raupach et al. 2007). Data presented here suggest
Neilonella salicensis in the western North Atlantic is comprised of two bathymetrically
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segregated evolutionary lineages, potentially to the point of being cryptic species. The
genetic break between these two lineages corresponds to that of a related protobranch
bivalve (Jennings et al. 2013). The underlying force segregating these lineages is
difficult to distinguish but might be related to environmental gradients that attend the
change in depth, the Deep Western Boundary Current, paleo-oceanography, or historical
allopatry. Divergence and speciation along bathymetric gradients is a common finding in
the deep-sea (France and Kocher 1996, Chase et al. 1998, Zardus et al. 2006, Baird et al.
2011, Schüller at al. 2011, Jennings et al. 2013) and suggests species with broad
purported bathymetric ranges might actually consist of divergent lineages. The deep sea
might therefore be much more diverse than is generally thought and genetic work needs
to be carried out on such species.

Investigating and quantifying patterns of genetic diversity provide insight into the
evolutionary origins of this great faunal diversity. Population differentiation has been
associated with numerous factors including environmental gradients that attend a change
in depth (Jennings et al. 2013, Glazier and Etter 2014), oceanographic patterns (Wilson et
al. 2007, Janosik et al. 2011, Dueñas et al. 2016), niche segregation (Baird et al. 2011,
Quattrini et al. 2013), and topography (Boyle 2011, Etter et al. 2011). Comparison of
closely related species controls for life history characteristics that might impact genetic
patterns and allows for inferences about environmental influences on those patterns.
Investigations presented here found the shallower clade of N. salicensis to be less
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genetically diverse with less population structure than the deeper clade, but the opposite
was true in the comparison of Malletia johnsoni and Clencharia abyssorum. The deeper
N. salicensis clade consisted of two highly differentiated subclades that were not
segregated bathymetrically, possibly related to niche segregation or prezygotic barriers.
Similarly, the deeper C. abyssorum consisted of two clades that were divergent in
mitochondrial loci but not nuclear, and were not bathymetrically segregated. The
population structure of M. johnsoni might also be related to niche segregation but missing
data impacted results. The two bathymetrically segregated Neilonella clades shared
alleles at BTUBex, possibly due to hybridization across a weaker contemporary DWBC
that was historically a barrier to gene flow. These results support the hypothesis that
population differentiation is facilitated to a greater degree in upper bathyal depths than
deeper depths and this region might therefore play an integral role in the evolution of
deep-sea organisms (Etter et al. 2005).

One previously uninvestigated factor potentially isolating gene pools is oxygen minimum
zones (OMZs). These regions of low oxygen concentration frequently occur at midbathyal depths and impact the biotic community structure, dominance, and composition
(Mullins et al. 1985, Levin et al. 2000, Neira et al. 2001, Rabalais 2002, Levin 2002,
Cowie and Levin 2009). Data presented here suggest they might also impact genetic
patterns and gene flow. Two genetically distinct clades were apparent in the wood-boring
bivalve Xylophaga washingtona along the eastern North Pacific OMZ, one throughout
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the OMZ and the other within and below it. These clades might represent different
tolerances to low oxygen and other environmental gradients that attend the change in
depth or isolation of gene pools on either side of the OMZ during a time of increased
OMZ strength. The results suggest these regions might play a previously unrecognized
role in evolution in the deep sea.

The deep-sea and shallow-water environments are characterized by drastically different
abiotic and biotic factors that might impose selective regimes on the biota therein.
Mitochondrial loci are frequently utilized in phylogenetic and population genetic studies
with the assumption that they are free of such positive selection. There is increasingly
more evidence, though, that the functionally important proteins encoded by the
mitochondria are influenced by selection, frequently in association with environmental
factors (Fontanillas et al. 2005, Balloux et al. 2009, Hassanin et al. 2009, Scott et al.
2011). Mitochondrial genomes of deep-sea and shallow-water brachyuran crabs,
caridean shrimp, and teleost fishes suggest positive selection is prevalent between the
different depth regimes. The selection might represent adaptation to either habitat, and be
in relation to any of the myriad factors that differ between them, including hydrostatic
pressure, temperature, nutrient availability, and biotic interactions. The use of
mitochondrial loci in phylogenetic and population genetic studies should therefore be
examined carefully to avoid bias in analyses imposed by selection.
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About 90% of the world’s ocean is considered deep sea (Ramirez-Llodra et al. 2010).
Once thought devoid of life recent research has highlighted the incredible biotic diversity
it harbors yet despite a recent focus on genetic and evolutionary research in the habitat,
mechanisms underlying this diversity remain largely unknown. This dissertation
examined genetic patterns in relation to a few potential isolating mechanisms. The
results suggest that upper bathyal depths facilitate population differentiation to a greater
degree than deeper depths, OMZs might play an important role in evolution, and
mitochondrial loci might be under selection between shallow water and the deep sea so
use of them as neutral markers should be thoroughly investigated. The percentage of the
Earth that is covered by the deep-sea habitat, the little we know about genetic patterns
and evolutionary mechanisms in it, and the increasing impacts on it of anthropogenic
forces and climate change demand a need for more studies into the faunal diversity at
these depths and its origins.
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